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20. ABSTRACT

of the HF vibrational levels from 0 through 6 were monitored as the mixture
flowed through a 5 cm diameter tube through the use of a gain probe , fundamen-
tal band IR emission spectroscopy and ~v~3 overtone emission spectroscopy. In
the pulsed-reaction experiments a predetermined mixture of F2, H2 and Ar wassealed in a small constant—volume test cell. The reaction was initiated by
the dissociation of a small fraction of the F2 with a frequency doubled pulsed
ruby laser. Pressure changes were monitored with a Kistler gauge and ground
state HF with a probe laser. Vibrationa l levels 1 through 6 were observed by
fluorescence measurements. In addition , gain was measured on the 1—0 and 2-1
transitions and laser tests performed which achieved lasing as high as the
5—4 transition.

The results of the study indicate no significant changes need be made to the
rates normally used for the hot and cold reactions. Vibrational deactivation
rates must be scaled up rapidly with quantum number , however, to adequately
describe the measured distributions. A viable deactivation model is presented
and possible improvements discussed. It appears that the HF chain reaction is
of limited usefulness as a cw laser device.
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SU~~4ARY

In order to better understand the physi~al mechanisms important in chain

~~~~~~~~ lasers and their ~ff ec t on ~~ r fonnance , a b as ic  study was i:.isiated ,

~~~~~~~~~ sf ident i f ica t ion  ox’ the problem areas , exp er imer. tal  t e st ing ,  and
bse - r ;~. r.t improvement sf theoreti~ al models .

The ma j or  problem areas we re ident if i~ d. as uncertainty of the ‘,alues ~~~
and e f f -~cts ox ’ (.1) the shemical pumping reaction rate coex’ fisients  (~ + F2
HF + F, F + H~ HF + H ) ,  (2 )  HF-HF vibrational deactivation , and (3 )  H at om
ic-activation of I~ ’. Potentially significant problem areas also included, wall
eff’~cts , back reactions , hot-atom effects , and chain branchir.~ .

The laboratory experiments to study these problem areas fell ~~~~~~ ~~~TQ

sat ries: cw flow-tube exp~riments and stationary-gas p~~~~ I-reacs ion
experime nts

The ow flow-tube chain-reaction experiment was in it iat ed  by the thermal
dissociat ion of small cuantisies  of F2 ,  subsequently mined wish F = ,  :~ - , and

in a flowino si tia t ior .. As the reaction rrogr essed throug h ths flow tub s
torulat ion dist r ibut ions  of the various v and 5 leve in were measured.

initial F-atom concenorat ions  were measured with metered HOl t i t ra t i on
an-I HF probe laser absorp t ion .  This techrio ’ie vas -r e r i f i o d  by sera;’ate el ~tr ~ n-
spin—resonance tests  performed under the s u b je ct  cor ~tr s ’: t .  initial t-~mpera s ore
pro f i l e s  ver~ measure d  wish a thei-rn ocoop l-s probe , and veloc ity p rofi l e s wi th  a
p i n t s  probe . These r e sul t s  were incorporas-ri  in the ana lysis . ~h’c- snd st a te
was nsa: sred with probe  laser abs s isotion , wher eas :‘or vibcat ional  Level p-tru-
lat ior.: in v = 1, 2 .  3, L~ absolose IH , in = 1, emission sPec truss try was .i:ei.
V i b r at i o n a l  1 -ve in v = 3, ~~, ~, 6 wer-~ detensin--d wit ;; ~r tone  -~mi:sion
sc-~-~tro: osry us ing ~ = 3.

Tests  were per : ~rme-I 3-icr a ran~ e of H - / F  rat i  ss wish a fined  init ial
?- at o m  -c -noe r ~sras inr;  in ~~-dc r to obtain r eas tior .  rate  and vibrati:r.al

s~ si-rasinr. ixsf rmat i~ n. Son - HF wa,~- ~dIe I ini t ial ly to e hen’s’ s d : ’-
sea -ia-inn  e f :’— s:. S o h s ~- e o c n t  t~~st ~’ j nvol-r -- 3. ‘raria in-n of ~~~ in~ t i a l

~~n o n t  r at i o n  while s r :r in1: t o  no~ nt’sin thn : s - - n-~~ HF r J u o ’ i o r .  :a~~
1: o r-s r so in slate she ! n:l - o - n n ~ of H— iF illi: t n : .

T~ l:t°I c a - -’~~.r. - :-:r~-:~m - nt: ‘-i cc ; ed  ~~~ s ’ o-iy ~~ — ? ~ -s h i n  ra ’sr i o r .
in a clo se 1 ‘ro luco consain ins  pr—m i:: ”- i an;  F -  . Th ‘- i ” sj  .e: -s~i-

by p r o  o~~n. - ~or i n  aucas  Ic. ch~ min t  ~~~~ or ~i::~ ia s i n r  F-
r~ -inu’ion :‘ .- n  a -Io’ibl- d fr : o - c . ’ : r  r- .os~- 1 ur- r. ‘h ree

— - . , , . - ..~~—t-- .— ,- .. -. ;‘- . - -.



exp er iments  wer~ p erformed:  First , a study war made of the temporal de -iel-opm~ nt
of populations in vibrational states of HF produced from the reaction. Fluo-
rescence measurements were used to track exci ted  state populations and absorption
of ow radiation to follow ground state formation. Second, small si~~ial gain
was determined for  v( 1-C) and v(2-l) transitions by use of a gain probe . Third..
pulsed laser radiation from the reacting mixture was studied,  using a laser
c onfigurat ion.

The rationale for these expe r~.ments was that they would serve as an
experimental check on the laser computer progran as modified by results  f rom
flow-tube experiments and othe r available data. Pulsed experiments were chosen
as be ing relatively s imple in that the problems attendant with mixing and fl-ow
are not present , the reaction is initiated over the total volume in a short
~~se per iod and changes in temperature and pressure could be monitored in a
:onssant volune cell.

Analysis of the data from the two sets of experiments has indicated that
no drastic changes need be made to the chemical reaction rates now in use.  The
sold reaction rate was found to lie between 1.0 and 2.0 times the nominal value ,
and, the hot reaction rate between 0.5 and 1.3 times its nominal value . ~shcr
effect: (bask reactions , chain branching, hot-atom enhancement ) sooli not be
eas ily isolated , b ot appear to be of minor import ance. Under some cir:onstar.ce:
( s u c h  as these exDe r~ mcnts) wall effects can be n~ r .neclinible.

Th~- or~ cinal vinrational-deactivasion model was found to be inade-;uate
in descr !btng upPer leve l vibrational populations . Much b e t t er  agre- :m~ nt has
be-o n achieved by adoptinc a model allow ing for rapid dc-activation of upper
v i or a t i o na l  1eve ]~ via multicianta V—T transitions . Single ~uant ~
~~: shanse is tfleri found to bt somewhat  slower than expected , but in any onc e  to
weakly ir~’in-iri :~ the punu la t ion  dist r ibus inn : . Remain ino  deficiencies in oh- -
f it  of th~- mode l to th c  i t ta  in d io a t- - , howeve r , that mult lsuanta V-V - - :~:
nay he tb.- key so eve :: better agreement. Such a n-usc ibility should b~ — x n l o r ’ - i

~rth- r.

‘fli~- d ir e st  j n fi~ en~~ of H atoms on vibratinnal deactivation pr. - -s- --d
sifficuit to j oo la s - dsP- to the stror~ influence c i’ HF self-deactivatinn ,
wrncr. is still not :~ mpint -- -ly inde: ’stu-od , ix. the test sonditi:r.s feasible in
tb--se exs- rim- n o : .  Hence , r .o new conelus  ions were reached with r-: zari to  su ch
a’.e:, xt w b l - t i - ’u-d t~ be very x a t i d  for v �  3.

Th-- - l aser  m~~:- i  a: mu1 if ~ --- d was en~~l~ y e i  to  pr — c lot  the p : - x’ :orman- :e
of e n t l n — : ’ - a o t l 3 r. La.;- - r-’ . It --Ta: ft-rn-i ‘ hat :ss~ r at i n n  ix: a :‘l xorin - —

r~~:rx ; - n - i i t i ~ r. 0 - es- to ire t b -  b - - s t  :alnr arid pn i ~-r: , ix ac rn w i - h
r~ n- r:tal ~br ervao i c , :A.  J- ~ e- - ’ h -  1- -c . : , oh --nhanc- 1 v i b r a t i o n a L  i- ‘a:t i- -e- in n

ac su:’f i ~~~~rx t : :” - ~~:’ - x c  i~~-~~- i  ~s . p - o w ’~~~on - o : t x.t shxv : l i a t o — r - - ; o o t - ; :
l ao - -cs  ~r -  ri -o x. -n r - -~~~~- :v~- w~~ h ‘ 1 : — c  o - i n o r x  l i - ; c  f o r  b in;; ;1’~~t o1-: -r~~i ’~ x in-n: .
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SECTION I. INTRODUCTI ON

The work d os :ri’oed in th is r’-po u ’io -cove r: the :~~c -a:’:h —carr i e d  out under
Phase I of the s~ b.j— :t contract. Phas e I was a t ’- cis:~~1-o ;-- ‘ ,‘.--10 ’srnent p ro c ram
10si~:ned to improve ‘she -abili ty to pr~ di - ot  ana ly t ica l ly  th- - rf:rnor,:-~ n,no - -notial
of -chain reaction las -~rs, and, to asses: th7ir  f- a s i Li i i t y ,  parti :-clerij ‘ri’sn
respect to high altit-0c17 missions . Th~ procran comprised three t-as~ z: (1)
identification of kinetic proble m areas in model r r e i I ct~~sns , (o) exper imer . ta l
t’o:tin~ to study those problem areas , (3) analysis of the lata and resultant
modification of existin€ -computer models to assess pe:’fornano” pot~ ntial.

The details of the various exrcerim:nts , the :ubse~ uent analysis and ~:de
modi f ica t ion , and the resu1tir..~ :~ n-:1’s: i nss will bc pL’es7n’s ni below .

1/2
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SECTION II. CV :-~~i’o RlI P01012:2-F ~ (PEF,L-~~NT

Introductiorc

The CV flow tube reactor  was selected. as one of the exre :’ire-n:s to b~
:oioi-scte- .I be-c ars -- - por-slatior .s  in the ‘rar10us ‘1 and J leve ls and tn-fl ‘s in s
state are reaIilv ootained onder steady state condi t ions  (R e :’:. 1-3). P,es -it:
of Task I, Prob lem Area IJent ificatio~ (Ref. ~

) indicated that ‘sn-c scenic-al
axu. re la:-:atisn processes  probably acc-o-uit  f o r  a mal or 3uar ~ of cue observe o
i lssr” ’sancy between or ed ict i -oroc and, experiment . Res sits of Tao.-: I also m di-
cacc i  a p rac t i ca l  r -anoe of condit ions ove r wh ich f low t ,be res-olt s li~ ely co ~ld
ri ’s-vs ic rate io~ ormall-on b r  tne overall react ion and mole-cooar er.ero~r trans-
f er  o roce sses  that are o-c c Arr in; . A d.is-:-ss o ion 10 the flow toce  re search

cud .ccer i  to  obtair. this iufornat  ion is pr~ senteci in cue fol lowing sect ion: .
Is. r-n:era01 s icoi f i -cant  lata r~ suits on -r ibratiooal level ccop -~lac ions and
t o t al  H? forma tion  are include d in the discussion onder S e c t i o n  IV of this
r~ c 0 n’s

10: c ri r tior .  of Experinentc .l -Confir~ r at ior .

To - acst ara’s .s c ontox:-~nts  ercplo ced in the tes ts  we re essentially tns-se
‘-

~~: , c — l  ~ ~: ~th su tab10 “ood, et , n-s o~ a
coat ~~~

‘— to a scie-ce -aJiit ional reu -oired data and improve-i ac-c ora sy of :e:-11ts.
- of tc’~ :sa.ooo ’ :-om-rx- c:ents as emplol,’ea ne re 13 suown on ore I..

10. — ‘—
~~~ ron ’s a o on ‘st ‘so. e los o a~”sor r” s ~ — ‘~ass~~ on-

a 11 ‘~:-l  t - ,se assembly ‘s:u’~ onh the  h-oat-ni zone -of a c-;ell re:olate0 coroce
t o n e  :‘ o n oac e .  .—t I n-; pr -on :u ’-~ s ir r . i fic an t  dissoc ia t ion  of F: (oon  = 1-— I

car s-~ cur  cuernally ( P - o f .  3) at t emp era ture s  cud— : 0I~~~-7 . a s-a :—

I. ‘ TFcC R e t n’t 5- -F 5 - . “Prop osal  :.o r Locg_Ran~ e ~D’ - Ih a l ic  01..: c 2 ’-u-si - -
Fac t I . Te chnical  Pr oposal , ” and “ Part II , ~--oI-10niun . ” Eas t Oaon f o c i ,  IT ,
Ap ri l  L9T 5 .

.01 . ‘JTR C :. -co n-: F-i :  - — u , 
“ Answers to oeo s ’s i~ r:s i~ri Ic -ess~~I. t b ite : i—n:1~~11

-h 2 o ’e r C n n - c ’r.j cog P rorc o s-al P-R5 -l , Eas t daonfn’I . IT. 1a::

3. E~e’ie.:-- - -
, 2.. - . .  0’. F. 7 1 1 0 c c ,  and I. -;. Rail . “ H? -Chaic . R e a ’ s i o n  Inc- - c- . ”

Fi.. ’tl T - -c r r .i c ’~ 10--o r’s .  To~r :’a-c ’s ~~~~~~~~~~~~~~~~~ (::~ 1121). TT.’
, E’:t~ i~ Ra . .t : :‘ ~~. T , :i~~- 1-110

-, . 72.t-~~~, 0. 0’.. ‘2? ~ 5:O. -i” - - Chain Laser .It :-s - - s ,  10- : :r -o. :- i  n : . a. ’~ i c 010n.”
-
- 139 . ‘1011 R’— c c -ic iF ’5— -~ 1l--~~— 5 .  Erc~- 10 : 0 — - ’ : .

__________________ - ~~ 0~~~~~ 
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won’,-:in.: l- -’el :‘o: cod c h o l .  Th’- c hot , par t ial ly  d is : :-c  Fat ] Fo. ‘sasses rap idly
s- st of th=  n e n - l  :sn -  tc:r-c-oh an ar:’ay of seven col t -ant the ‘sra.co:latd::.a
t enr era ’s  n’- is :‘~ 1:5- 0 rar ioly to coca: c ’s-on temcc - -:ra ~ -on’~ b-1c cionin- - v~ tJ: arcon
icnr ’sd: —ce-i turoush a fdne scale in .~e-c t or  rin~ p2ac~ -c close to coo  -on -u of tn-c

ne a:cd l-ox: c th .  This iu .10cto o’ is s ~‘spoc ’tei by a 10ni-nh of coop er sir - - ‘ -‘ni :0
is wate r  :ouIno (not  onown in . 0.  1) ani :-o-~s nut  t o o n d  toe hot ni :~~3l ‘s n ie
as semb ly exoert at the flaco~ze jo in t  30 cc -i-o ’mcstre am of th ’- heat - fl - i z one and
. utside the cu r e  heater  where all connonects are water  coo10d. The trait s-
l-a ’siorcal temrcratuce  of the F5 is lowered rapddly ens-ugh nero to sr-~se:’ve F’
cns~ ms in flow from the mas s heate r to ‘she io-~ on jector  (~ .e fs . 

~~~~~~ 
Is.

to  ‘s-i, u,:t tht ove rall le-rel of d issocia t ion , additional F is adde d to the
arror .  iiloent  flow which thus  bytasses the mass hea te r .

Ac: aus ’:iliary i nj e c t o r  rin~ was lo c ated in toe F5 di l u t i c o  s-- ’ction
.~th which  metered  flows .10 :-dF or EC1 w ar e  added uP:cs ’-s arn of  ch-~

doles’s-sr.

Be fore the i nj e c to r , a tr ans ition s e c t i o n  was p laced  to adj  ~st the
iiamet -o c of th-~ flow snootuly ‘so the d iam eter  of the reac tion zone ], = 5 ccc .
10-: 10 nlser is an arr10.’ of small t u b ’s, Fi~’ur-a 2 , wi~ h snall dn ,~e st i onc n11-c:
an;10d 5 1 0 d,o~~~scream t~- avoid ±cstingec-ce cot of the ico,0 - :tunt  or. as2 ,~acent t oo - e s
a.’sd D a-c Irot r o amino e f f e c t s . Th-~ H2 is m~o-:ei wi th  a lar’:e amo-sr , t of arc::: and
ls:oe senet ra t  ion o c c u r s . The :hara-:t -orist ic inio- :ino ter.is to be b ’sv~~ n
I d - -o r: separate-i by abs ~t 1.5 nsc, the hole sp asm ; ab c; each t - sbe . to.::
asc:Jr ~ rn’ mis -cm .: i:. 1 to 2 cm (R ef : . 1_ u ) .

sos’s: wor~ p laced al-on: :0cc reaction tub e a’s x = 1- , 3,  1.2 , ~0 1— . 510
— 1 .  51 cm :10’-ncc the  H 5 i n je c t o r .  0-ne wi-sc-r ing DO:’: ‘ca.: slaced ciii opst:-s accc s:
tb -  EL : inj e c t o r  ‘so 20-: n-: f u r  ba-c ostr-on.min;. Each set of ‘-,‘ie- .-cin; sorts was
p on :.c-I -ri ch a :cw:-n ’ed  f l_ -~-r of arson.  The ‘sieving port s co cotado - c i nav :-o :r s lot s
c-co thr o n-h t o - th -o :- -a . : t ion  s-one . 10 :s , max imum spono an-’s-ss - ‘tiP: c i on  c . -11,i
o s I n  - c ’ s~-i b-s oli toin: the s o e ct r o m et e r  slit w i t h  the b c :  iFo of tb’  slut
whi :~ cci:s1.ni:io~ u i s ’s o :t i o n  of ‘she fbou’ o’ebocit lc ero :’i be .

doc i le of cEo-c :‘ action c oice and, t r an s i t i on  ‘s-o re coo’  -d ‘-sit , :
1:10dbjt H c c _ r n  .- -:- cur: o-~~.:at F or :  on tb-c wall ( I lef .  5) .  Th.~

o -s ’s  c.rc ~cs, : c a t i o n  c— s - s It s  -coot ’s ::n-d a lso - st  15 p s ’ s-o cr’s TiC- — ‘is Pill -nt
3.1: ‘san’s Fal, re 1..sc’tj:n in H atom cc comb i:,a ’sior :  c-cool-i be exp~ -cta o . hoc-re- c ’- :.
c npar ’- to  por --  c-ootn :~ 1: .;~~i on ._ xr ~o:,:~x su r f ’s  cc ac- -u o f  -s:’Ion:. F:”s-’nt
c: -il.c o ‘on a fa-c t~ r’ - f u Eoi,ch-s:’ ‘t:ess so’-’ toan s r o” io : s ly  (P c : ’ . 5 )  c’ - ’~~~.’~

result.:  co_s t bh examine-i cIon—10~’, howev e r , to see i: cc:. H

5 . - ~ - , s . R. J. coco s H. • -~i:e , c101 ’td cc s: :::- 1. ’::ec. P.c-n:
0’. ‘h-- os. nc. :. , - - . 1 7-o . l - ’s l .
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s-c :t s : e ’ c - z a lj  c:’: - - -  -- -c oi : ’os at b-ar s - S i s t o c  -: or ?-~ F. r c o c i u s .  Pt
al ’  . ba ’si::.s ’s u i  --‘:- :-oc ic sat i on  of r esu l t :  is. .C- -:t i~ n 17 10 n o t  dcci i  -at-c waIl
:‘f -cc ’s s ’so b e a f ~,_ ’t o-s’ - :n l -—ss th ’- H at:m c:: - ,’as sn 4 n-- a ..i ’sc:- - n :h-- e f - ’ a - -~s

‘- - ‘ s :11 cc- l imi t ’i  ‘so 25 ne:’ - : nst .

T’cst Ps’o ;r’sz cud Insto’ument,aci  on :‘ os - CV Fins 1’ s e-c  Re o.oc t oor  E c-c sce c ’ic:csc ’s

Flow t :ccc e :ss~ rj mencs were h o ’-’ c ted  t owar ds ( 1) u.:-c -sd~ i cion  0:’ F a tun
titration -data w i t h  H-C l addit ion and H? p s - o b e  la,s~ r absoc - co t ion in ord — - : ‘so
calio:’ate ‘she mae-s hea t e r  and -.-er i f p’ establisnocent of desi:’ed 10w leve ls -of
initial F~ -dissociation and (2) acn-uisition a’s se’rera s t a t i o n s  along the
flow t ube reaction :—one of cro sod s ta te  ar~i ‘zibratiocar b-nseb sorulat i-on
informat ion  f rom 5: 5cc 103=5 ’ a bs cr r t i on ;  .1w = 1 an-i 10’ = 3 en 1010or~ s’t-e -ctros -
cop ’.’ date for  cor . iit  ions d-st ernine i f rom Ia,s ,c I s tn i i=s  in or d- : to aro-r i le
:“- - be-.-ant f i t s  to ‘sri - s osodel that v-sold yie ld impr oved info rmat ion  or. rat- c s fo r
tb -c no’s r ’cast ior .; HF ‘T- ’J , V-I s e l f -r e la xa t i o n :  and ii ateos ieact i”at i :n. I::
in i t ia l  woc ’ -:, the P:’oscsed Research  POor. ( R e f .  I)  f o r  fl-ow t ube experime nts
was csrecoarei .  ar,d base- i  on the re sul t s  of T-ao,~ I and d i s c  us :  ior. c-ri tE ’s .~-5tbL and,
Ae,’ospa:e s’orsor .r.eb , in-sr-cased emphasis  v’s.: s b a oe l  on ‘ r e r i f icat i o r .  of ve lo c i t y
ar.h tccccscc:’atu :-s .sni:’ormi ’sy ‘-rit a rco:t t e s t i ng  c o n d u c t - o h -at h iohe r p r ° ss ,r - o .
‘so p = 20 ‘soc : . at ‘;elocit - c -r 11 ’ cm/ se-c wi th  a n;:’ni reacti:: .  :sn-: leco cch

50 ccc . P. s gccciary of ins t r’.sm-aotati on is oiven Fm Tulle 1. The
as ’ :-or , ;0mEs . :.  Of t Oe ins ’ss’.one:otation and the app ar ’s’c .,s is sh:’n : dn ?i.T .r c 5 .
0~’ saile-i  d i s cu s s i o n  of ~ach -iia ;n-oscic ousd ras..1’s: is ;i’.’en a: ’ce: ’ the  overall

-
: no -h i t i ons  that  o’er-c a t t a in -cd ar-c -c u’c-gcari :ed, d:: t Ec e co-: c-c so  o t i~ c:.

C .j r.rcca ’t’ of ConIi’.i

The obj ec t i -r -o - s of code -ac-:peri cscer.t w~ s’e .s cost in tv-u s c s i - o s  of de s  c c :

( o )  In the s i c - c t  se: ’i-: oce :’a’sior, u’s-o r a c-ri d-s s’an;- of F - H —
-1.0 main:aicoi :c; :‘i- :cc - i F ic 1 ord-on’ ~o no t a In  iof ~ s-’a i  cc al-s on

‘snu cob  :‘ - a - c t F _ o  :“s t - s n~ er :~o :m t . - noec’ato u’e . 2,o, i lu c : ;  o-~~’s in—d ar’
s :c.ccariz-s d irs 1 able :. This s-c :‘i-’s 013 0 pi’Con i ~ ~~~: no

t ics: s i n c e  HF cc-: I u - c t i u n  c-ao ’i~- F owe : a ‘-ri F - cars “ ni :‘en=~-ab0;c HF :HF -c r-p -care i
-u o n i i n a t - -  n’  c-n dnt - : ract io: :  ‘,rn~-ce ef f- 5ct :  ‘-;-s re cc,e ’cs 1: “son,- •

ico:’ o rm ’s ’si ,c  c-u. ; s-~pc-ol-- ”- cot s-i ow Fic -e~~t ‘c- :ud’ s iosr. of -EIT ‘ s o  ‘- is’ :‘Ioc; t :bc f o r

( 2 )  10 ti~ -~ s - c - rut - :‘i-- s o s c — o a t i o r .  v u: c o - son - it cot co h i - : s - s ’ u- - I o:’ F co ol
F-s j is~~, j c’. tiu ~, “s ’s iotai: .j n ,- .‘ oros ’ -a ::t H -  ‘iou s. ‘ccl ,’’ on s o c ’- a::’- p r _ s  . ‘t i .  -

a :o c u d t 1 0 - c ,  ‘-re : ;~~
-
~ ;ri t co ’’ i:c:’--asd :,: ‘-n -c 1- 1 0  os : ‘ ‘n.s dc:s10 to coon

inc : ’’a:e is, F. Cd- . :‘~~..a t i v -  -c s ’ f - cc o:’ 1 0  ELF ‘utniis i ,.: is c s s s o , c —  s as a c’-

‘4 . . . -



TABLE 1. 1:-IS Th7i’E 3TATI-l-ri

1. ~~obe Laser Absorpt ion: w = 0 , 1n1 101 F

2.  Overtone Spectroscopy ~v = 3, EM 3-I Photodetec tor  (I = -50 °C
controlled): v = 3, ~~ 5,  6

3. IR Spectroscopy ~u’sr = 1, PbS Detector (Lll~ cooled): v = 1, 2 , 3 ,  l~

Pitot and wall pressure distributions : gas velocity and pressur e

5. ‘las Temperature Radial Distribut ion

Gas feed rates , inert argon, H2 and corrosive F2, P.F, EC1: species
concentrations .

S



TP-,ILE 2.  S’Ji~ ’b’b-7,’ IF C0ii D ’-2I-9i i3~

:‘ Chemical Ra tes  and HF a d di t i ve

p = 20.0 ± 0. 14 torr  = 308 14° :-:

= (~ raph gi’,ren) ‘I ’ 0

-

Ini t ial Conditions

- F2~
-
~ Ho Ar F/2F 2

Case F scc/min (torr) scc/min °‘sorr) :1/mit.

1 0.112 1 . 202 1130 40 135 3 238 12 0.011
‘ .2950) (.0113)

2 2 .9021 .002 c~10 : 30 200 233 0.01-i
( .3533 ) ( .) l- 8 ’

2 .0021 92 250 0 5 1400 : 10 238 : 12 0. llO
(.92 10 ) ( . o~~~~~)

-
~ 0 .2 02 1 .302 60 : 5 300 20 2 ’s 3  12 0 .102

( . o- o~o)

~The se  eond~~’sloro s are th e  aweraxe values and cr~ xtmum un c er t a in t y  of ‘s can-
t i t l e s  that  were recorded as each case was repeated  for the  o ep c ’r r a t e  prob e
lacer , o-ser’-one emission., R emiss i—s n and F atom titration. sc-’ -cnu:’-ome n’ss .

~‘~‘Tota 1 2 f-e -o-t ‘s o cx , cr i -t e t ’s

S
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F :.: ‘n’ - 7, ‘-1 S’ : ‘:O~~~~~
’--L, ‘-- .; ul :ino coo-- s are :-oc-,rcard := F

d c.  T’s:7,- - . Err :1’ : :‘ o: ’ H? nr ut- ‘ t i . n ’ ~s.- i ’ ,- ion ’ct i~ naI lnrel -criar .:es are gj c - -c ,
::. -~~‘ c ’s :

L-:p-- :‘Ooscst cc- . I

;- t :: ,,c: b ,c ssc I n ~ .-lo ’c’’ - no ’~-m’-c n ”

~~nr t’~ ‘~~~ 0 u~~ a n ~~~ 
l_ ( ,~~

truss . i:cia’s10r , ~al’,’e and  ‘shrottl ’ ‘salve ) to a 5 -I C- b Y~- mechan ica l  cbuc-r ’- c iu ac l-’i
two =10 CF ’M ‘sono-ani -ial p-imps .

of 10s

Ii10ent ao’ro-n f o r  3 -cm I±aozeter flow tube at p = 101 to:’ :’

was se lec ted  as the -dilu’nt for the exsserimeot instead
h e c a ~ se i ts  hiohcr  ccs10-cul ar’ wei~ ht at sonstant ve locity :‘-s:s lts is’.
:,e’,’r.u _ us r.-~~ ber  f . -ow , ‘sninner bo und-all ’ laye rs and a score nc i forn  ‘ro b

in r~ act ion zone . This mioimi:es ~:oc ’r ec ti-ons that  hay’ t oo be
corrus’s: s.c tn e a a ~~’s’~,s to ac-count 105’ ai:’fosoon o: s~ - ( ’ s )  to toe c-r au , s a : . u
f o r  s tr e aml ines  is. t EL ~- flow ha ’rinu- -d if f-cre s it  ‘ relocit ies and t 10e hl s ’soc’i’ ,; .

‘re iocity is erdianced for  the ssr-osent fl-ow t-o 10 s ince  the p :’essu.r— ar. I
ve loci ty au’e moder a te ly  hi~ h , p ~~- 2 0  tor:’ and -cm , sec . Th’ su:c:si:,co’- Ion
of tn-’.;- : conditions permit :  operatioc. luc re with  a t ,bc- -l ian-’t -or small :‘ c la t i ’e
tO tOe u’ eac ti ~ n zone d-c-n :sth 3c I = - 10.

li :t iug of t:.-~ a s_ con u ’— -c - d - i i : trj b - : t (so:s alor .o trc -~ fb~ ‘ t u b e  is -1:’- -’:.
( 1) Ar’ . --:s’. ,d,o:r ‘so- ‘she cccas : heat ’s ,’ is r,o’e- sed t :  o’c - - s’ c c n c  a 101 ::’

‘e / -2 -c ’so r c f f ~~-c ’s a’- t b - 5 F; idiotic:: m oot:- : -oral na incais,  “h-c :-:.; ,u’ -- in ‘so —
na c s  heat-cc’ hi d,i~ :’ than dcc coi l-s - d i lut i on  stare . This ass .r-o s ..s.i:’ u : ’ccc i i :—
t r io  u :i~ n is. the mass h-cat-- r Pc ~~~“- ‘ s-~cst in tile :-~‘;en h u ’  arr’c ,’ ( ? i .0 ’ . ) dcc
‘s d-c Do ’~on en ’- - - of stall r u-d ia l cv 0; ss’ -- ,;ra-o ’F -’osc s at tn- c  F- :c ’i :c. i: , , ’ e “ - c c ’.

-3 on r. 9 . ~:’ s’s ‘sic-:- serves to  -clear’  tb-5 system of F .  r -api-db ,, . cc ’s aEcl i .c :ci .- c
f or  ab:4rpt ioo m~ a:- :r’ncent: . ~

_ )  Th e oc Cu r’. :1::- ’ to ‘fc. — F 5
oi10ti,,n 10,~e-ct sr is l imi t ’— I at pr  sen t  by a ps”oss ’uu’e limit  i:o tic- S;c:t .c rcc

‘- - ;r s i c s ’ .  ; Lor ,,10-c -s - i i lt i o r .al -cold  F’~ fo r  cc10-: tr so w i th  this iib - - 5 ,, ’s . () Tb- -
ar c:: .  10-ow in tb’ :-L= ir. , j - c -c t -oc i.: scion .-’: tour s do ‘-he ?1 111 ,‘- i-n d:..~ - ‘to :’ to
ma ,’. i~ for  t hI s  l imit  dos F .. l ii ~t u o n  ic. ,1- c t n ’ :lo cr .  Also, ‘sri0 c I t I . ’ pco-fil--

‘s-sot, : - c a’s~ cd i  ;nt10- cno:-’ :‘ a- ,’ :vu~~s c’- ; SI’S c , d ~ i~ ccc: ’- ’ a: -: n: 10 ‘sd- . H is ,  ‘ ‘‘- sc’ .
( + )  Ou r : - -  i:. t ;c- -c:,:. .lc. - deal c ,::- b tci~ e n ’ -, , c  F :ilu ’ - i -:.. s: . ’ 
:50.:: r i — a t e :’ was t h c . n ’ ‘so be n-- - ’-- ss’v’c- , I c c  h o-i t o  be c cc ’s ‘so cc low ‘.‘co l,s- ‘so

rcct- - u’a’s , : -  s., 110-’scit ’s a: :10c s . : . ; e l dccv- : is, ‘ss:t. : .:- cti c . ( 3 )
cs on’.c~e Of ‘so’- HF( ’-i b )  dn . ’ - - c ’s u , ’ - n - s : ’- - i  a’: t adn m - nt  of a *i,~~ c o n -

11

—‘,——-“- -
~ 
— -‘_e- — —- in . W4 , - .

~~
‘ - - , . - i .  •

_
‘

_ - ‘ .-‘— .—— - -‘ -.-— -.— — -  — ,

~~~
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TABLE ~ . &Th~4ARY OF CONDITIOiIS *

::) H l ’sorc leacti ’ra ’sion

p = 2  ± 0 . 14 torr

= ( graph g i ven )  0
- 6%

Th itial Condit ions
F F2*-* H2 Ar

‘-use torr 5cc/m m 5cc/mm sl/cccin —

-0.0019 ± .0001 14io ± 20 210 ± 10 238 ± 12 .32 8
Q. O3 1~r 0.018

±10%

6 0.3052 ± .0003 1140 6 210 10 238 ± 12 .217
0.012 0.013

‘iicese ccn.di’Icr ,s arc the average values and c’~n: imcum -omc er : a in ’sy  of o cca n-
it ie s t h u ’s  were re-:orde~ as each case c-’as r e s s e a t e d  for  ‘she separate  orob e

i-a~er , over tone e m i s s i o n , , :~ em i s s i on  and F a t o m  t i t r a t io n. m easu rem ent s .

feed ‘s o ru -os hea~ er F? fe c- i  b ypa :sin~ crass heat- o r

‘°ed-oce HF( ’; =~~ fr om ‘v 1 sp ec ’sra. 2-Ince F~ hot and -cold feeds were each
ubocu ’ 5 perc~ n.t ~~ h F ’ h . H e c o s e F)i~ ) rrod-:ct was 13 p-~’rcen.t too high for

~ha ~a ’s a .

- • - -. - - — - ,• - , 
- —.———— -,———-— -



Lc’BLE ~~~. AE OOP P’EED DISTRIBUTION TO FLD’11 ‘lUBE

..ocation Pate  ( cal ib rated  O.o ’scmeter s~
std liters/m m

1 Mass Heater Inlet 3
2 F2 Dilut ion Injector 68 cc 3

3 H2 Injector 1146 ± 5

14 Pur ge b etwee n mass heater and 3
F2 dilut ion stage

5 Steady purge of HF(HC1) Injector 5 cc 3

6 Total viewpoint purge 13 ± 1

23 8 ± 12

~

“

~

- ‘ - .  ‘ - c -  - ‘ - ~~~ .—-



sero reference . 3uch p-’.r~e flow -co uld not be mu -c o h±~cher than the H1’ ( a:.d
pu ’obabl’c HCl )  flOw rates in order to achieve steady and accurate 1ff absorption
signals - b e  to the additive ; this condition is probably indicative -of an unstable
chemical wall effect in the copper  fee -i lines at high d i lut ion .  ( 6 )  P’uu’~e to
-oa:h set of viewports was -controlled separately with needle valves . The total
flow to all eight sets is given in Table - . The p~ur~ e flow thu’s ugh each port
into the flow tube represents a 0.0036 f r -ac t ion  -of the total flow pas s ing by the
slot ins ide the flow tube : a small disturbance to the velocity prof i le . Such
small pczrRe proved adequate , however , to remove ground state ~ff from the window
‘.‘oiume and establish stable levels of absorntion insensitive to changes in
p
~rre flow abo-ot this value.

Eea-c~ d’:e Oasi s -u’s 1 .-‘.-dd ltj ’res

Gases F
~, 

I-iF’ and HC1 were metered with monel mass flow transducers
obtained from Matheson . These flow transducers were calibrated and checked
on a regular basis using a standar d volume in the feed system , isolation
valves , a pressure auge and a stopwatch. For ~ ( ulff grade) a rotcmetex’
rave reliable calibration results at the fee-i pressure employed and was
preferred over the slow responding mass flow transducer. Commercial F—
was used directly from L2. cylinders with a IJTRC safety enclosure system: an
~..-l1.,e ce- alum ba: luoride trap was used to remove E~’ from F~

. Distilled
I-iF’ wa-s obtaine d in a mone l cylinder from Ozark Mahoniog and was cooled with

and pumped on pr ior  to use; liCl was used directly from a #3 cylInder
of technical Purity.

Press-ore D± st r ibut ion  in Flaw Thbe

The Press-ore dat a shown in Figur e 14 include reneatabili ty  obtained :‘rom
tes t s  or~ seoara’se days . Data were obtained with a wafer  f luid scanner and a
pr essure  transd.ooer. Reactants have only a small effect on the floc-r pressure
f~ r t r iese  very dilut -’ cases.  ~~ discussed above , the pressure in the mass
hea t e r  is maintained at a level above the value in the P2 di lut ion se-cti:r..
A small pressure rise ~p 1 tor : occurs across the 112 injector which indicates
tha t  a very small e jector  e f f e c t  exists with this angled injector ( Fig. 2 ) .
The p r e s s u r e  in the react ion zone is relatively flat with an ave rage value of
asout  20 .0 ‘sos’s’. (f-al!bz’ati :n of pressure was with a Wallace and Tiernen

‘te l, c i ty  Prof iles [.1:nc’ Fl-ow Tib e,  ?heck on Velocity Result s Wit~ Metered

‘J’s~~:-cdt ’r pr ofI le s at :e’r~ ral stations along ‘she flow tube were nceasu:~ei
with  a 1,’ la 1:.. iiamet€- s’ pitct orobe and a MF~ ias’utron d i f fe ren t i a l  t:’as~s d u i ’er .

ii:
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A c’adial t ra-,-e rse assembly was used as shown in Fd,c uu ’-o 5 tha t  o i i l i  be Inst t i l -~
a’s each set of view-sorts . Data we re obtained in nonr eact ive  flow. P i t -ut
pressur e  results Ip 1.5 torr maximum corresponded ‘s-u a sub sonic  c-or ” Mach
number in ar:c-n , M 0.~~. Probe res ults were converted ,  to ‘zelosit-r  usIng
standard compressible  flow t ab les .  The probe was lor .r en c -urn in toe flow
-direct ion and alignment was accurate enough such that  littl-’ prob e c-ors’e-:tion
is needed and none has been applIed. A check was made w ith  argon feed.  rat-
for  one -c as e as -discu ssed below.

Re sult: at x = 11, 20 , -~0 cm are shown in Figur e 6 and at x = 76 cm,
Yb -ore 7. Res-ilts were ve ry steady and repeatable . In general , the profI l e - s
were as uniform as -desired and steepest velocity gradients were within one
probe diameter of  the wall. Close to the injector the data show a local
peaking in veloci ty,  probably a complex characterist ic of the details of the
miner  and flow t ube geometries. Since s uch a pe r turba t ion  co-old be accounted
fo r  by incou ~~orat ing this profile in the analysis , the e f fo r t  r eouir-e -d to
c o r r e c t  it by altering the geometry has not been made . The probe was subse-
ouent iy  is-sated at x = 76 cm downstream of the reactior,  zone of int e rest ,
b- ut where the tube diameter was still D = 5 on . Velocity resul ts  still show
a larvo unI form core flow. The ave race velo c ity obtained by a ten s t ep  irste-
ora t ion  over this  radial prof i le  was 0.58 x l0~ cm/ sec whi :n for p = 1.96 torr ,
the t r e s su r e  at x = 76 cm -corresponds to a :‘low rate of 253 st l  llters ,-min ,
ve ry close to the metered flow rate 2 140 std l i ters/mm .

-Oa: Temter e t -u r ”  Jnifos~~ity

Ths temperat -ur~- was meas ured wi th  a s imple theoms -oc-o 4~ 1e probe bns -os’ ed
‘su:’o~ ;h a ncc~ in ‘sh~ trans ition s e c tI on  about 14 cm -upst re am of toe He In~ -e c t -sr
( Y i ~~. 1). With the ad d  of relations in F’~efer enc e 6.  th— er ’s-or in ’srud ’s-ced by
a rob ~’ con duc t ion  was es t imated  to be only 200 , a small value her e . i~se r a ti on ~ 1
--:c- :Derience has e nown that temperat ure u n i for m i ty  is infl resc ced oreaoly by the
f low puroino the au-u la r  region between ‘sh -- mas s :ceate :  and F’0 i i lutb ors  s’sar~- .

This purge — n t - rt near toe downstr eam en-i of the F: i l l-st ion star e wh- - r e  t he
mas s neater wall is cold , flows in ‘she ur:t s’-ean d i r e c t i o n  and enters  th- main
:10w thruugh the small gaps between the severs  hot  e x h a u c t  po rts  in the mas s
h-ea ter  arid, the cold F2 di lut ion inj ec to r  (F ’i~~. 1). Temp eratu re  s’s sui- - s .
F’I~s’ure 8 , show tout  th is  p -u: -ue flow must be low in :s’d~-r  to  rr- - :e:-:,- nh - c ‘sex-
pec ’at ~~~ ur .i fur cc i i ty  p ro v ided  by hboh F: iiL4t10n ani - d o  iil .t l o n  s t a g —  li:s- -r
walls .

4 .  Ri:Iua , J. V . ar,-d V . M. Poh:enow , ‘ Tbee’m-oc ou p l - - -  ‘I-: :‘n-al Erro: ’ . --

I n o s o c c lal aol Er,oj n-- - - : -ir,; 0i’o-e ro i :t ’c-, —.- , dl~ -5. 1 -5 2 .
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W ith  the d i l u t i o n  p s i ’:-:- f l_ or set at -a lo’o -c-ad - c e  th e  e f f e c t  -of toe mass
‘s ~~ u,~ i —  a-s ‘- -s~’~~_o r
the mass he ar - :- r  :1-ow on us ing eu ron in c ’s --a l  :-: F— . F’—: slts ( F ir .  9) s how a
rela t ively  snif rm increase of ~~~C ass ’ u s c  tOe flour t she d u e  ‘su tb-s mass nea t e r
vhi en indicate:  r eason-aol: .ifo : -m ~if,dn g ha,s O C c u u ’:’-~— - l .  F-u- c ac tu a l  cond i t ion :
Tables 2 , 3, ass-i 14 , this  ras teflrperat. ire me es-ur - -n ent  ro se  to asc ot 42°C (~~~~°: <)
and u n iu u r m l t :: whi l e-  not -checke d was rs -obab l ;-  ± 100. When mined. t-:ith room
t em P er a t ur e  au -con in the F~-~ in jec tor , the flow t ube i n i t i a l  1-omperature is
-est imated  to be T = 308 ±

Probe L~,s”r Absc- c~~t ion

Meas urement Techni c u-s

HF rrob e-  laser absorpt ion  diagnost ic  ( Fi r - . IC)  was assembl e-I unde r th~
~resent program emtloying a OW HF’ single mo-i.e pro-be laser s imilar ‘so the
one descr ibed  in Re ference 7. The pro be laser var mo-oust ed -on an optical table
isolated wi th  an air s usp ens ion  sys tem wits. well r-’uulate-i table heioht . The
sens i tive , stable , -dc~~b ie beam , s ingle d e te c t o r  arranremesut of FIr-ore 10 was
selected base-i on the -emre-:ted, reToirerccents for the F t orn t i t ra t ion  n eas -or- emeno .
A lau’~ e area co-urn tempera ’s ire PbS de tec to r  coup led  wi th  a 5 cm Jiamot Cs ’
adonis’s-j un cthe o-e ssr~ ’j icicd adeq <at e s irnal  an-I was rela tively  insens itive to
small angular per turba tbor .: in be-am posit ion. The -u -recall a:’ranrcnent of
c omrooen ’ss on the ~~ f t .  x ~~ f t .  optical table is shown in Figure 3. Wher.
— du - i -rI nr  the 2 T  utacu on the laser cavi ty  with a ramp . a stable s :’rer pr o f il e
o v er  the J :pnler broadened, gain rerion was acri iee’-sd as ‘riewe on ode PbS de tec~
ts ’s- ( Fig. 11). A Lamb -dip is clearly evi dent , f ur the r Ind icat ion  of a s t ab le
5 :,,g,,, e lonr it  ~di~a 1 mode . In general for absorption so- as u:’-: r csersts h-ore , tb-s
s ar i t y  ?:: -.‘o1tar-~ was set manually n- car - line :enss - -r :  ci ’s eu t ss st fr-
voull  r -m -a in  wi tn in  the Lamb dip r eg ion  fu r  oeri~ ds of minutes with-c-ct active
f — c  ib a c - . ten-e u-ally, fs ’ecueney was stable to ± 30- :-~-le , o f f i o  bent for  ab o u t
3 r er c en t  a : r I u s a c :r  in acosorp t ion  ( R e f .  — ) .

The operational -charac terIstics of this dual beam abso - :”st io-cc o- - - c I - cuui c-s
with  a s inrl-’ -i-st - -s tso r are shutrs -. in Figure ’s La -a:sd 13. Oct-s iii  F i c : u ’-~ 13 tha t
‘sacId jt’c Of l u -  t t e ’s- ‘soars 1 p er -c - -n t  -of f-cl l  sc-i l- - c-c-as achi-’--cle fu r  1—rio s’s-

jo— ,-leor  ( typ ica l ly  s t a b i l i ty  v-as C. -. pe re- c r c ) .  -3 ch :t ’:oili ’ :’ allowed m e -as’ cc”-
us ’ F at om t b t , ’atlon c i rnals  t o  ae- o - < t  I - pe r-c - - n t  ar ’urar ::- ’.’o-r ‘ s h e  lowest

F -a ’s- .c u :  I cst- -- ’s ’est  into  th. - ma ss  r .eat-or , ‘— 3 -  u - c  scm ( Fl . . l e) .
- Is ’s ma’s th--  —r ind o ;-i  o cr c-s f low was -on arc .: 3-c t as ‘sI - ’ .~- cs— ‘sd- st i r s .  on
sac s low r - - c

:lin n-~ .. ~~. 5. , ‘J - — t < - c ’m icr i ’ s io r .  - :  “ ib u ’ a t i o n — P - ~~:- ’si : -s .  Lic e ) t ’ n; u ’sc u ’ s-c
HF -n-u OF by 5Jse —o f an H F , D F  0~-1 Lou - c ’ . ’ CO ‘.

~~~~~ . l e ’.  -ert. - 
- - , ‘s .
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HF IO( ABSORPTI ON A — 8 I F 2 OFF— F , , ON I

T O RECORDER

LOCK - I NJ
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i
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~~~~~~~~~ 

A ~~~~~~~~~~~~~~~~~~~~~ ~~~ 
BLADE CHOPPER f—1 0— 50 Hz

: 
~~~~~~

HC (DI 
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T
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P 1 (4) TRANSITION

V A R I A B L E  CAVITY  LENGTH

CHOPPER OFF . REF . BEAM ONLY

PZT STACK
VOLTAGE -

PbS DETECTOR
INTENSITY

7 SEC

TIME

F I G U R E 11 PROBE LASER ABSORPTION SIGNAL

—‘--i . - “- 
- - ‘  . -S. - - - -



P 1 - 4 1  TRAN SIT IO N

F I X E D  C A V IT Y  LENGTH

CHOPPER ON 1 0—50 Hz TYP ICAL )

LOW E~~~B E A M I  
______

aI REFERENCE BEA M ONLY

I 

_ _ __ _ _ _ _ _ __ _

bI REFERENCE AND PROBE BEAM -‘~~-——001 —i.-1

TIME SEC T Y P I C A L

FI GUR E 12 PROBE LASER ABSORPT ION SIGNAL



-
4

_  

Fl

\

~~~~

t~ I
z~~ U z -~

0

_ ‘o
0 0 <

< U - U-< cxl
c _ s

> _ O

2’s



Oallb c-ation Th-e~~h Wi th  D I r ’ s ’ . HF

Re~ cits  of t est s  in wh i ch  HF was asid--d to tsr-:- f low tube thu --u -~ h -a
in :-e rtor u-boo ( P b :. 1) as-c shoat-. in FIr-ic c— 1- - . 11cr-c-- - sn~ as -cr - -m ents  are t : - ’ty

cm sh in the linear range of the a bsor p t i o n  arcd ‘sor e- ‘reu ’y v-elI vit o c a d s  1a’si :.s
-us ins Hbnchen s data fou’ 1-ortler broadened line o~~n ’ser a s somp t io s ’s  5’
( R e f .  

~~~) 
with tne 10 cm total abco :’p t bun  lenr ’sxc in this :0ub le  pa -cs arran ;~ r’se n’s

( Fir .  L a ) .  Pressos’e broadenbnr  due to A’s’ toes no ’s ‘s~~—m to be a :‘a c tJ c  h-- r - ~ u ’s
p = 20 oar s’ and based on results of pulsed exp eriment: , Se c t i on  III ,  wo ,1:
a~. ncs’s a 5 pe rcent - ‘s f f -’-ct .  Such  -data ( F ir .  14) s r ::~ st a l s o  that  the r~
l i t t le loss of r:-o-mJ state HF to the walls between the OF ii’s~~-e - 5 t 0 5 ’  and ous ec ’-
‘ration point x = ~1 -cm . HF d i f f u s i o n  would be s low-sc’ that. H and ~‘s-ren fo r  t o ta l
-iisappea:’an-ce at toe wall wo uld probably be l im i t ed  to a 5 to 10 pci-c-co ’s e f f - ’ s  cm .

Fl tu ’a’sb cr ,  fts ’  F Atoms

The HOl t i t r a t i on  t :-ciuo i re for F atoms was sb-s s~ ed o u t  w i th  TSR t e s t s
a: tart of this tro or aun ( 5 - s e  Se-ct ion ,T) .  This t e - shn i s -~~- was aprl ied  ic’s the
flow tube  s tu d i er  by ietect irs~ ‘she apre au ’ano- ’ of HF wi th  ‘sn-s t , ’;ce 103-: :’ as
HFI ‘ias added. At f i r s t  exces s  :soi (>  L a o :  c c c  mi ss ) was aid-s ’s to- ‘sh-: a~-~ -on
flowins to the H1 in3ector  w i t h  H,~ = 0 ( F i r .  l - ) .  A s at ~‘a’si-uo lev, : l  of HF
:‘ orme ’s was note- s- well Jo’sT,st:’-e as’ acid sb-s s~cej for  r e pe atr b i l it y  for  eacn
This abseu ’ption sat:uo’atior : dc-cd vari~ -~ith F- f-’a I t o  the mass h-eat -- . - as
ec- :r ec ’seo (P lc .  13) and -at ‘sLa- ~sx p e c t e d  levels . Ocr:-’ l it t le  !rc’s~-s-act i :-n  of
this sat~~ratb om ic-re 1 with cole F1 floa’ c.’as :s:.r-’-i w i th  ems-er :  HOd , crcs. :i :ter’st
olts. ‘she slow 01 — F8 r e a c t i o n  c-at-s a’s ru- u r n  t emp r’at ~re (se- s  Sest i  sc

SIn c e s :-rn ’sli,sd’s change ’s in the e x c e s s  Hod t i t s -~ ’ s L a n  c ’-’~~’s lt (~~~~ 
1

wer’s not-s i r o — c b o d i s a l ly  with s o d -u  F- . an attemp t ‘rts ste- i- ’ to sh -s- e too
cr ci~ metcv o f tOe ti’so’a’s~ urr r - e a st io r .  w i th me ’ser s . i  HOl l e ii ’sj  c , .  Ic, ::‘d--c ’ ‘so-

a-c sonplb.rh th i s . the P01 was au-_ o I t n o w--cr ’h t h— in . -- r c u c’ ‘bog ‘sha h-a-i
f u r  :s: ( F i r .  1) r i n s e  ‘sO-s c o n c e n t c ’a’sLa-:i HOl is. t ,~-- f e e : din - -s to

cl, : s~~~ld be bIrd to a-c oi l  h~i s ii-,g - d i f : i s u l ’ s i -e s v it : c  sss r~~~.s L a s s  :f
P01 ‘so the feed, li:,e walls . a.u s—er c le- i  t .j he a su, -s - e s’:, is , :-3o’ a i d -l e i-~’e s o
Fe: It s ( R i -: . 15 aol 1~~) sbus’ tha t  a’s :Oh’st a 1:1 :ho Fol : .- r  :puniec :se s.--- .s
::-ci3t n t i l  a - ‘i a” i - .’eI:- sharp le ss -er ’s ~s ’-e 0 c c-sr - s :‘:‘-u.-: s - c c n  a hI s s—ac’  c’’:pJO se

u ’ v:- ’c .i p:~~~~ i.’ses :nl~’ - ’ _ c - .: le-s’l~- - .c ft : , ::’s f I e ’.; , -- s’- e ’-n . - e a :” s . c - .
.3i - r i c e  I: La,~--Ip relate-i t t b -  01 P :“a:bou. Idle 

~ :~~
-s ’ s - - — a.s c’ he-- cs

c5cese .u, ’— -c, :‘ic tuese t--:ts ‘as ; - -- ‘s . b t  f- :.’ : r oc-; it h o c  s~ - s c  - - - crc -h - I- -  t o
-s ly-il’s- rise-ic,; ’s:”,’e ‘ s o  L t s  bce ” -’ u’-: - r t  ‘.;~ ‘scs cc 1b,~’~~~’ ~‘-~.5’ . c 5 ’ s F

c ,r’,’- - ’ s o u - f b , . - t ~ - - i— --l rc’F a’ ur- .:. C O f c t o I c ’ f~ c’ sa.:e: . ‘.u 5:0 -— ::’

2 I~c soy-rn I:, Fir u- - 15 c4’r.iI- F l- ve~~s , ‘nut -s 5 u 6 ~ :‘ :ac La 1 , a:’
‘ s o c .-:, I:. Yb0 :”s I-s • ,O,~ o-r— s- ’~~o ‘ a d I C : - c - ’ L u  of h-- --ct :s n~ a. - S

- — : ‘ c i.: ;i’,~~r, i,,:iu: 17. 
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Emission Spect . c’oscoo’ .- hle ’asturemcnts

The emission spectroscopy instrumentation is dis c ussed extensively La
Fe ferences 1, 3 and the addendum to Re ference 1. The sane trinc iples apply to
the fundamental spectra obtained here and further d i scuss ion  is contained, in
Fseference 8. Note that in general , it was planned to compare the experimentally
determined Einstein A coef f icIen ts  f-o r overtone trans itions -determined experi-
mentally by Sileo in his Ph.D. thesIs at Cornell , January 1975, and publishe d
in Reference 9 with those calculated by Herbelin and Emanuel ( R e f .  10) by
comparison of I-c = 1 and ~v = 3 resul t s for  -r = 3, ~ in the present  experiment .
L’r general , Herbelin and Emanuel values gave excellent agreement , while
values quoted by Sileo and Cool (Re f .  

~~~) 
are c loser  to Herbelin and Emanuel’s

values than they had been at the time of the thesis work.

Vibrational-rotational level pop ulations obtained from the data are
presented in Section IV.

Cont acninants

Possible contamination of the ~as mint -ore has been considered,  from the
standpoInt of total leak rate of the experiment and purity of gases . The
system could be pumped to less than 0.001 tars’ blank--off pressure throush an
in-lIne I

~2 
trap to reduce condensable press-ore even further.

With respect to hydrooen bear ing contam inants , e.g., H20 and Cx Hy types
it is possible to use the probe laser to estimate total H contamination by
n ot ing  the HF absorption level that occurs when F2 is added to the mass heater
b u t  H- or HC1 are not present . Any HF forme d Indicates some of the F atoms
have reacted wi th  a h:rd:’orer. beau-bog cont amInant . Generally such spurious
HF format ion  is below 0.0003 t o u r  and was checked for all tes ts .  Hence , s uch
contamination generally is less than 15 pe s-cent of the lowest values of initial
F use-I . Total le ak rate into the experiment was at or be low O .CCC ~ torr fas-
orera tlng  flow and press ure , and s ince this leak is primarily N2 the spurious

8.  Lynds , L .,  “ Invest ~ ;ati-o n of Master Osci l la tor -  Power’ Ampl if ier Systems
f o r  Themb cal  I~ sers , ” Final Report , Contrac t FT~W Ol-7 3 -O-CC-7 2 , tJTRC
F.epo:~t N911to53-le, Eas t Hartford , CT , Au~~rs t  1)12~ .

~~. Sileo , R. ~i . -an-I I. A . Cool , “Overtone Em i s s i on  S~ ectro scopy -of HF and
DF: Vib ra t ional  ~1atrix Elecne :cts and DIpole :-lcment Function. ” J. C’nem.

~~~~~~~~~~~ ~~~~, 117, 1976 .

l~~, 5-e rbelin , J. :-h and 0. Prnassu ---l , “Einst:in Coe:’f ici : n ’su for’  Di— it otnic
Mol-- -c -u ies , ” J. Chem. Phys ., tO - , 085 , 197-’- .

32
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of HF is li~ ely :elat-~J to csn ta rn inan l ss in the as-ron f - ,r these bico ly
oil ,te exces -bme c,t :.  The ar con :s-’~I was obta ic , - - I fr -- on s tarriar -i  iJTF C 5 0 i 5 ’O C O

and ‘-he cc-~r i ty  i: ab o-r ~ e ~i- ,’al--nt t o  a h i ,~h ~ . ri ty  ur ccrep~ ri :’i- d oracle s-s
tn~ t c a  cont arc iccan t leve l -o f the au ’~ on at 20 t o rr  wo uld be betw~eri C.000 -0

— TlC t~~rc- , wi th  s ome fi ’a- :ti  ~n :~- 0  oc’ N i .  The h u t  F p rob e  l’a~ er cot ‘am —
t -~st :0,-s ident ify  cylinders -of ac’ cu r c wh i c h  o cv i ou z l y  have h r ~ - ce:,

ror rc a:cin’at i m 1- -ce Lu rn-u- -hr hI -he x’ th an  ‘ c”o i cal -r aises,  Un un~ s-u so
ca r l o - c ,  ‘sp~ r i u  ~ - H F  s igna ,is w~ r’e of the or’ae r :‘ t be  F ,  p r e s su re  an-i o,’-’:’- -

r ’- l a t — i  to the argon by :ys e enxa e i  cauly -- urninr  o f f  ‘se- c ’s ic ru s of ~he 0 5101-
a r : : n  tank f-arm that supplies toe -~xper imeno:  in this cas e two of

t ire t - : : , li~ deu ’s in the farm were fo ~:.d which when shut  o f :’ :a-~:-rd the
n’s HF s innal t -  ~zc away and tb--se v- re d i r - c ard-sd.

Iii s rczarj, :orst amin an ~ s CE , CF ‘an-i srtur ’i c-us HF ar-c ~~~, 0.0-003 oorr f -or
th is  exPeriment while N~ is r r o r ab ly O . C I -~ -c to::. (Smalle r anoint:  of
ar-c I t-: - ly rw’~ s- e nt .)  D u e  to tb - fast  oat -ic-c of EF:F ? an— I F ,F :H ino era : ’siorrs ,

sas t f o r ~rr at ion of in i t ia l  HF levels of the order of F (� .le2 ocr:) it is
din--dy  that th ’—: e contaminants  le-:els will  nave a ‘s i r n l f i c an t  e f fe c ’- or,

in t - - r ~~ ’~’tat isn of ps’-’s-exct cc-cs ’-- e :ctal ocr-s it s .

Discuss ion  and Fe- :on’men ’uations

The mode of data acquisi t ion here has required that t h e  c-o r .ciitisr .s f-c r
— a c h  cas e be r-=oeated at 1-cast thu -ce t ime s in or -Icr to ac- 1-oir— the th: -~ -’
-f ecsp-sr’incental Inforiccati-or, that are bas ic to -Jeterncbr ,- -s t iocr of ‘-he c-ro d

HF an-I the individual ‘ribi-aticnal le ve l too rlatio :ss up to v = c - c ( 1) pe
laser ebsc-ro ’-  ion , ( 2 )  a b so l u t e IF - - m i s s ion  .it~ -:~~5’O3tCt~~. ( 3 )  axu so lute  O’,’Cr t~~c,e
emiss ion  n te - ro r ’u :cor v  fo r  ~v = 3.  ~n ~~~ cr -c c- - nt r oc’rarrl t ii-- ap o l i cat i oc .  of

~i-2 l t it r a t i o n  to -~- e t e u ’minacc Lon of P a tom l- - -.’el was — ‘,‘aiooteu cml
marie durirc o th -s ro-ic ’se of the pr orcarn su :h tb-no th- - f ina l  i - s t e c’rcsbna:Ln of F
atum oac -t iad  crua .:c ire w i th  n ’a t e x - e u  Ff 1 was sale by r’-’-c e ac- Ing -‘ach c’s: a
‘dOt- . 2-yl~i a musi c -of data a c ’a I uu~~~~ion :-c lru ioes  tha t  -:r’ea-o c c - c ’- - be t a - con  in the
calibratio n and apoli-catbon of aLl, ins ~r’ ~m c cc t a c  bOc . -u:~ - to b - s ’ Ic s - .
and shruc  cr-ro ss cite -:::: be na-Ic c - s o l o - l i  c’a11y crono thu-s typ -srr -of :ce’as-n’coc-nt.’s
2 crr car --  and cross  :he c~~s c-re:”- nod’s- ‘s~ to’ ec- co- -~nt possible wi th  a n -nurse d 0- t cn

un to  a— r c b c i t b o n .  F o r  ‘-:-:anc-l-e , -all ficoattet-- t -s w e r e  ~~1ih: ’at=d w it h  kn :cns
:;l ,rn ’-r: . acc;r’ct— p - s s - u i ’= caere: and ‘a s rsr- cc-r at -ch and w:r- ’ clue ck -i c-e:’i’:--Ii call::

- ‘ tO , tO-~ :-~~. -O-’ 5: SLOZI a-c : u131t1~ r1. -~a ,icc :’atcic. O~ thu tS cois .Ic100 src :‘r ’ rsp- te r’
w~~ ru a s taIni -o r u  s o I A ! ’ e  was p ou sl h l - - -a~ ‘coy J,o-c ’ac ion 01’ the cc—- :0:’:::- t i ’

:.d oo; tne :’l, ’,; c - ub and .an:h :alibr’ot i ics coo v’ :” pe: ’ f - ~ ”- I bef-:-- - -u -h.
-- ‘a c .t set of lao’: r ,  wni-o on’- ~-cc- -- of ‘s- ‘cc ,, - - c r - s - c s ’ ‘c’~: be-ics ccc i--- . set ’

- : : i : s l s n,  tn--:. ‘sir— cr - si b-  ~‘~,ser’ ‘o’er ::Lu d at a ~-own ,- t r ’ arc l o c u s : : .  ‘ec, u ’ .. - 1 c-  I
‘ a u : o c’n t i o n  ~- ot - - - r ,  Id-- -red_ - cloy no-o h - - s-c-: -irs: -i at , i~- ’ n , c t r - - ’s.c, 1, -co t !” : ,

t O c - n t -  r ’ h o-- p i — -t t r”- nr ru r’-~ r ,~ ’. - c c ’sir ’ ’ r - h r r ’- . c , .  1. c--i ,i’-i :n  ; :r- - r-’ :s : s f tL --



w i t h i n  the scope of this pro o~ram sets of data were repeat-c d , principally here
the probe laser ’ absorption for cases 1 thro ’u~’h ~ of Table 2. Some emiss ion
SPC c or a for cases 1 through ~ were s-ep— at -s d -1-urin; the course of H1’ -addit ive
t e s t s  since the-- zero HF additive condition eras r e fer enced  again . Results ;5 a’re
r ’-aro: sabie agreement wi th  prior data. Repeat data fs i r  the H atom cases , 5 arid

• o’- - :’-e rio t -atca s,ireuj .

:le’ror -°hue less , the above procedures are d i f f i c u l t  to follow in ord r’ to
ac’ri’,’o at a s et  of experimental results with the degree of inter~ual cons is tency
re -sr ui r -~-I to e’r’il-uat r bath ~~~dxu ction and vibrational level populat ion at ‘car- ion s
s c a r — s  of thu -s -development of the chain along the flow tube in anal~~ ical terms
as relate-I t o  the condit ions of the experiment . Such a procedure was followed
here because  it was j u s t i f ied  relative to the level of anal~rt ical  ur,derstandir,;
of H r / C ’2 chain reaction kinetics at the time and was consistent with the -:xperi-
mental stage of the art for the thermally initiated flow tube .

In terms of the methods employed to acquire the data, the experimental
sta te - -of- the - -art and the scope of the pro- s ram , the results obtained here ar.-d
fr om -data analysis , Sect ion  lOT . are ve ry encouraging. Of particular si’nifi-
ca c ,c e  f u r  absolute  meas urement interpretations are the rood ca l ibra t ion check
of ::r~- pc ’ b -  b ier -  wi th  known HF addition (Fig .  iL ’), the near 1:1 cor r e s tu n d e n ce
bet w—~-sn HF formed and HC1 added dur ing  the metered t i t r a t ion  tests  (F ir s . 15 an si
l’s), arc-i the agre zonent between -ult imate 1[F levels predicted from meas ured con-
di t ions  wi th  me asured ultimate leve ls of HF using the probe laser ( Figs . 1~3 aol

for  case i ) .  Absolute emiss ion  measurements ha-r e been checke d se-re r’al tim- S O
‘and the ags ’—-e m ent between Iv = 1 and dv = 3 for v = 3, ~

- is eneo- orar ir.o s in-c-c
tb’s- or’-oent cn-i-e r s tanding of trans i t ion  probabil i t ies (Re Ar . 9 and, 1-:- ) s-s-ems to
ha’ze nars’ow’- d th e  discrepanc ies a oreat deal.  F-or the pc-esent cases a larre
f r ac t i o n  of the- total  prod ru -ct ion of ER early in the flow tube  ado -se to the
io , e -cto r  is icr ‘r ibrati-onally exci ted  leve ls v = 1, 2 ;  h- -n cc , trr— accu racy of

~ni ss ion  data is important in -th-termining total  product ion a: well as the
accsracc y of probe laser -lata. At the coil of the reaction :on- oro-cs-I state HF
in dominant  and tb-s probe laser is of greatest  s igni ficance .  La betw een , b o th
c r - a s ur ement s  are u--n e-r ant . Furthe r WOr ’c- -could be done to s-cal - s  ca.: s c uch a:
3 arc-i -

~ wi th  p:’— c : - u x ’e and ‘redo-city to -out ain chemical  rat-- infor’ma’: i~ r : bas — - -i cn-,s’e
-sxt--rcul -re ly or, p r o b e  laser dacs c- -~nlc’. Pu-oh ’— loser stulie : wi th  to - - HF
at ~r,-- -iu wcs.:t ream s” ’c t i~ n ehsiW’~5 a s irrrnl-: -corn c - n  dat ic r ;  ansi rr orb :c,-a s 5:’-nco- - Is ’ 5 00,

---ar l i ’ - : S’s’- .tij rcc : shou ld  show -rcnanc ’ - d :“-hiance on p r ob e  ln~:- r dat a  l o u ’ HP c- r’  -
Lx st i ,n  u- -ca - SOC of er,harr -:- I -Oeact i ’ra t i -o : r  to the cr c -icr -u s at-  . Dera  at -:ar ’io-53
1- c I,: of inItial F cn~ -j ld be (t n-rde ’I a: a s imple chec o cc: HF :‘o iu-:ti :n r ’ : - : u l c s .
::. ~ni: u - -a r-I . :‘i-:e a r esu l t s  n- -ed to b— :~~p~~st s s l  a-oil an am r’irne no al :h-- -:

ti;- ~ltlcca’s- HF le ’rel.



P : ’ ns er :t  :‘- -o- :lcs s cisc a s os-i in-li :a I n c  or ’ ‘she -- I - c - cs. il- -c tyn e of p h y” i : a l
bc- ,ia’:i or’ of HP : HF ino’- -- u- :ti x; c-hat is u-c c r:-iror ac,d do ic ,l i  ca t - ’  a ch- ,n i al r ’at

Ic: hirho if c-h e pr -es--ru t rc ’s ’:n .e of ‘nap ’- ri,’cr—r ,tal x ’- — c s i lt : for ’
can es  ~ ansi ‘

~ (Ta-hI-: 3 ) .  h~ w- ’. -e r , and the n - n e d  f o r ’ -nc-e r - ; i : i , c so  t o  b T F : H F
mc icling . ‘sh -s i- i e r ro l f i -ca tion  of art overall rob- f o r  H atom: is, ‘-h~- chair ,
nor:mp lete at thIs c- line .

For the fut u r e , fur the r analynical  01cc-n : is crc—si I 03 c~src-c-~a:’ C 0T~~’- cl OL fl’s
-sxcc :‘imental result: . T~~en I-c f in ing Aun r:”e excc- - r im-c-c -c s of this ‘-yc— c er ta ir i
cnang’-s are more or less obviou s , tar ’s icudarly the HF level ‘r’s :’C’ clo :  toi

H- i nf e ct o r  must be examine-I to dosc um--nit the dc-rd of HF that  nay be pr esent
ca-u -dy in ‘she chain due to small recir -s - ula ’sion t-att errus in tb— wait’- s-f the
in , -c-cto r  bars . In th is  regard sl ight m o d i f i c a t i o n  of the H5 ln . CSt or ’ on u u l d
be possible to purge such re-ci rcu lat ion  zones . It would also b e desiracle to

steed -up thu-s data ac ’s-u isit i-on, take all types of cceacsur emeru ’ss -d or inc thu- s c anoe
u - - n  and to automate ‘she data accr -u i : i t io r i .  In audi t ion , scal ing of r e s u l t s
wi th  diluent pressure  ;-ro iid, be desirable . :siowe’rer , beyond this it 1’ like ly
tha t  furthe r Dr ’s-cress will b e linke d to the ability to ccru’rid-s- bet ’s-sr or.owle ic-s
an d  c o n t ro l  — of o-:’-o’ail c:ond,it ions on close to an ins’sancsar.’s coo has is :  cc: ’ core so

tni: type as c-ie ll as automated data ac :u~i s it i on  c-si-ol d h ’ - r ’ s  be dun ’- by
lirukirso the exp er ’izs’nt ‘so a small comp ut er  in the labur ’ator ,- .

Siur ,rnary and Cong lusiono

A Cd-” flow tube H-c / P-s :haic~ r e a c t i o n  exper iment was con - I -oc t - cd  w ith  ‘- ru --s oc-al
!s.it i-anion to meas ure pocc odation -d i s t r ibu t ion  in ins-- v a r i ou s  0’ ccii J Icc - I:
‘sn-c- - cr onuru d state  -of HF -ove r a ra ms-c of c o nd i t i o n s  for  ‘.-rhi -ch c’e.: u lts  line l~’ cc l1
cc:’ o”i -o - rat-c i n fo rmat ion  f or ’ tb-c o’re:-all -r e a c t i o n  ansi nod — -’ Lao -en-s - -c” t ra n sfe r
t o n c -e s se s  that we :- -  ~nc nr ’tain .

Ho ’s , c-art ially d i s soc ia t ed  F2 j uL-rn a m a -sIn n — a t -  ,‘ is a-If- - c t -  t o
-r e  h’s’ rnli-:in~ c-rith ar -n on x’aDi-il~z - sun , , . :n t o o~:’-:rc:”:-n F,

F - to ado - -i to  u-o , or: u--eu-all  F -i issor-: i s t t i :n.  1 -on ;  and
iilu-’nt s,re in ’ - -- : t — d  t hu r - c orb a fine sca l e  csi: -:—- : ’tc, -s cm -- haio : ’-sa :~~~sn :5cc: -

n--as’ tno csh’ - rocral c -oocd i t i~ :rs ‘yci  -a 1~~- J’_ . ‘ - - u t  ‘s : s:, wt  ii
— c - ( ’  Id-- f iner tu’r ’— diam ’s~~r irs D = ~- - c - ,  P = 20 to -ru a-ui

-cc / se- ’ . ~~ 1n t i  ly crrinO c - - c r c  r~~’ i - u.: cc dl s ’s-c : an --- - ‘s - -t i : :,  Iec, - --’sh:
0:0~5 :”:- -I I = 5)  -c c- : siio’u’-c s io - i ,  o:’ HF 1 H in ‘ocrc -- ~eIl’ or’-’ - at dccc ‘- - 0 tsi is’-

o cc” , ’ : - - r.t or, : 2 5 c - e u - - i t  eu ’f e-: ’- s by :-: 5-f cm cc . : :—5 (-~ ~~~ H i c r :  ‘ - 

ar -- ~nhibit -I 2~
_-- o- -: ’ c’: ‘-oa t ic:~- oh - - ss’c lin’ ’o Y k: rI -s- flu: . .  Id- - c- - a - ’- i n s  ‘cc-: ou - s--’ ‘u-’

a: :e ’.’- r ,  ‘J l--srror - - ’t.: i , r c ’ ’ n - -’ cor inc -  l---:at’su ’. - - -ui — c . -l-s- ’’n- - r  :za, - a Tu-ir ’ r ’s’; cli ’- in
‘or t o , . ’ : - cc - I t a  a :1: 0-o r ’s s- - -1 c ’~it a sacscc i :1 ’ wj c rj c w . - - -  -

- 



Initial F pc’-e su u i ’-e wa.s cc-ca: to’---: w i t h  met- - c-rd H-I l t i t r a t i o n  and HF pu - r io ’--
laser’ absorption. li’o- cr.cl c c -a t ’-  I- was me -asu~”--d w i t h  probe b a r s - u’ csc sor ’pt inr .
Vibrational levels in HF v = 1, o , 3,  -~ we :’— n-n-a-c ure- I wi th  -absol -ut- - IF ,

= 1, emission spec t roscu ty .  ‘/ib:’ational 1ev-e d.: v = ~ Li , 5, 6 w- :s’~- m-u ao .r” -i

with  over tone  emiss ion  :D’— - c ’sc’- ors - c~ ty us irr~ dv = 3. Temccer’acure r , : u f i l - es  w-e r’e
measured with a th-e rrnu -cu ~ple probe . djp 1 o c i t ) ,  prof i l es e1’or’e cn ea :nur --d w i t h  a
Diane. probe -and resul ts  incorporated in th~ -ama-lyric . Par t i a l  tr ’- s sou r—:  of
reactant s F2 and H-s we re cal-culae n -I f rom meas .r ’sments of to ta l  pr ’- s: au”- a:,d
F-’ and h2 ,  and argon fl-owrates using calibrate I mass flow t r ’a:r: in s- -s c-cr a-icc :‘ot -

meters . Pressure  d i s t r ibu t ion along the flow tube was meas ure-i e r i c -n  a
l on e r  and wafer  s-canner.

The ob~ e:ti’ie s of thu flow tube experiment er-are sc -u zb t in two s te r i - --: of
t e s t s :  ( i)  operation over a end-s range of F2,,Ho wi th  fixe d F and HF a dd i t i on
to obtain react ion rate and HF:iid’ interaction information an-I (2) s-s’stin:
hi;hcr F maintaining constant H- and nearly -constant ER prod~ c’sion to erchar.ce
the effect of H:HF collisions .

The desired conditions and dat a accuxamy we re obta in -c d to a large ext
-s- ac- -p t  w i t h i n  the r -ecn a in iru~-- -uncer ta in ty  irs mod-cling -of HF : iE- in t er a c t i u n  ‘sh
HF nc c-odus cti -o o eras not close enough for  the two -cars - - cs sele-rt-ed , in ( :)  to Ira’s:
any -I -n - f i n i t e  cur cc losions  about H:H F inter-action at thin  t ime .

Pc- suit : as analyzed give a good , indicat ion of the detailed type of
thys i ca l  behavior of HF :EF interaction that is occ-ic’c ’ino on both a :h-o :~ -and
long t ime scale in the development of the -chain and allow a conclusion to h-s
reached abou t the type of modelin~’ that must be employed. For chemica l  rat s- :
roe: olt s ‘ive a st u ’-onu- i nd ica t ion  of a l~w~sr limit to the hot reaction rat-s of
a b o u t  l F ‘she present ‘calor- at room temp-s rat ore - . Forth ’ s’ inc - ’esticat i-~n to
d na-f op a small on ’ner ’tair~ty abo ut In it ia l  HF level: very clos e to tn-s i- rf-e c c - .’
an: s ome- - - n Xt e, sC 1-c-n or’ c-h ’- corodj e. ions inv—: tj , ’at s -d, s-cold narrow the ch-~nI : ad  r’ate

~c or- r ’saint)’ -s --en forth-es’ .

a ,

“J’ “ -  - - . -‘- —- - -. t  - r .  - -,~~. . -.- • ,  — — _- —



3HCTin:~ III.  PTJLIFD i-F-F-fTIdF

:‘euictio:l e;’u-c-erimec-ts were use : to s t o r y  tr Ie -:nain r e a c t i on  irs
-: - ci:, F .  The r e a c t i on  is ci :;itj a ’se -j  by p r o - oun in e r  f t u c r d r r -c at cc-s

inc c-i:- cEcr re by cd:so-:iatin~: F . w i t h  pu lse-i  0T7 r a d i a t i on  f r - -rn a Iso 00 0el
fs’e : cem cy unoy l a ce r .  Three t rp~ s of experiments were performed : Firs ’s,
a- c c - .  iy ~‘rj ~ made c c -’ the t -sc- :p ora_ deve lopment  of pc-tudat ions irs vibrat in r,al

c-f HF traduced from the  r eac t ion .  FThcr cscer , ce  measur ement:  were
ore: c - s c-rock exc i ted state populations a-no absorption of cc: r-ad i -a t i cr ,  to

sta ’-’- “—a-t an ce ’-o ’-o, sr’a~ _ 
~~~~ -a:-- ~as oe’=’-”,. P0”

— ) a-’ ( — _ )  a- :_ ino ’ s c ~se o a ar, — probe T—~ cr , nu~~ e~ ~_=e”
c--i i O a t i o m  :‘roc, the c--ea:tcu,g moat ore eras s tudied u s ing  a laser conf: c”or’at :om.

The r a t i o n a l e  :‘or tr:ese exper iments  is that  they wool : serve as an
c :-cpe r imecst al cne- c k. cc- true laser computer  program as ccc f i fi e - i  by r e s ul t s  f rom
f - s w —t - o c e  e:-:re r imerst :  a-nI. : ther  available data.  P ’:rse 1 e:-ciserime :;tu were
s ’n s s e r s  a: uci-’ einti-ze y simple in ‘scrat the  prob _ems a t t en d a n t  eric-h c-dc- ring
a-n i  f l o w  -a r -c c - _ c -  js ;- eo-cn t , t ru e  r e a c t ior s is i nit i a t e - i  s’r - ’s’ the  t o ta l  ‘LI cc-c
in a s r ; c u - t  ti c-c pen s - i  ac--i -: r ,anges in t e m p e r a t u r e  an i  p r e s s ur e  cou_  I be

sc-o m i t  s c - s  ir , a :ccsc - t cn t ‘,‘:_ usc-c r ein.  The experlccoenta_ ressu _ t s  h a-:-~ b e-c:.
-: ;cct~eu ~eI  e r ic -n - soc -t oter ’  c a i nu l a c - d o n s  of p-ut u dat ia ::  ievclrn ::rer: t as t ire

were teste r witc : r ar : a tcc n s , i r r  i:so ’sial F atom co n- :ent r at : o r u  ‘er, d ocr
t he  H~~ F , r a t i o .  These cono ar isons  sire presented in Fe -cc - i - sn 17 of tc ;is

Pulse i Pd ~-srecs-:rr, - -se Id’- 

Id-s sna in  : ‘ eac t i - ~r, be twee n f lu -o s ’i rue  ‘accI }sy ir :~~‘en eras irri t da t -c : by
r i c o e c _ a r s i n g  a s:c-ain f r a c t i o n  of the f d , : r i : i e  w itu  r -a-Ii -~t i c n  fr : :c- -; :‘:c; - c r ,  cc

ruby -~ser . in-u,-ran: of the er- :Lec ’i:- -e :-,’s a re -uhcc -n  in Pi~~-Li - -su or
ac-cr or. :_uror-c,c -:se::-’’e cr -u - c -  in-’ cruert:- ca_ -r : ::‘::.-e: -in -’. ‘r:oratonrs c ,u_ ; -c c - :cut -s : -:

wo o Fet e  sc -ed  u u i u r  sic-r:’-: p o’iat -e is a:: o :‘d at-cc- s w i t h  a— ue tec :or  f
- — j, c-ru dc - F r.- hu t- u -c ’ s - : :’ :in’ ’r ( i— -t ) - m b  er i c - i :  a- 05 c ,r iar  cri, ~ t-::-: o l tio1 ie :

- , - 1 ( n .~~1 -en i ‘ ‘ ( a — I ) .  c ;t e:ssit :-’ c o r n - eS er-crc :c--nse ,c ,5’ -s c t t

ce c - - : ’ cc ine  cs so , ia nr i cc - cnoror-c s i:: ‘h-s’s u’l rj - o o s  e’~”cls s i lt :,  ‘- d :r - ~~. -r ’o no St at -C

- ) was c’e ’s- n c ’c - _ rs - - r by abs - s-c c - i o u :  cc - -c -or -or -’ e :at ,u :51mg. a sw HF us - -cisc _ -nr -n r ’ .
.sit u i ’ ~ie r’e :’e-c - cc ’ - 1esm -c c ,  Sc - -cO ’s ui c c - - r-:-s. Floe c-ic-es f

‘c-- c’s b -n - t O-n c- ansi:, C . 5  0 :-nc. s’ —’uc s:’— ~::- r sr~s--n~-- c-’it- :r’= i:,- c r ’-e-oses
:‘-n ’_ c c - i n ’  e -- e - t : ,r ’ - - c  ,s i ’ ’r si l.c c- -- ’ :- e - , u ; ,  ‘t : ”:,- n c r ~~: c ’ i n - ~ ‘ - ,; ic; t
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re -Il :c-ccc’sn’sarily :l~sue - - I  - s f1’ w i t : :  s i n er , t i l  valves.  Id-c -cell , ma d-c of
-ca-s 15.2 cm orcg, d.,I -crc - in - i i a rc - ec - ec -, arc~i was f i t t e r  -ci’s:: cr aDtrc ire

wmmoaw s . The :‘:isc-Ier ga -u~ze wa-s :-al ib r ’atenr against a- ca -c -a - sic - si nc e m-acccmeter

using pressure tulses ~v’-” tic -s press ur e range of interes t. A rr anp_e c-r ose
-of t he  ga u g e  o utp uts  is shown in F igu re  20 .

Fluor ine  ~ssociatiror ,  was - tu - c :mp lishe - i using a r uby laser tha t  Feli ’rerc-i
-rt to 0 .6 Foudes of pulsed r a a i at i o c c  — at w i t h i n  5Iu to TO nsec.  The
fre-o - :en cy of ‘sc-is  r a d i a t i o n  was ic ’uble-c -u s i n g  a t emperatu re  tune-i FDA c rys ta l
to pr o v ide  up to 0.15 Jo ’ules of energy at I-- T 1~~. Pulse ers~e rgy was measure:
with a F c i en t e r c n energy me t e r  ca l ib ra t e-I  w i t h  a b lacuc -body u s i n g  a s h u t t e r .
The pu lsei  beam b ad a di ame te r  of 10 ‘so U mm which closely matches tne  cell
:2 (12 c-ic- ) f c c -  e xc i t a t ion  -of t he  whcle  gas ‘,‘ol sume . The ccncent r a t i cr c  or ’ F
a tcm s  tr c dro: ’c i was i c c- e rm i n e - i  by c a re f u l l y  measur i ng the  energy ( e r it n  cc -n r c  c—
c - i c c - s  f-c r e r i c - c - s w  lo sses )  and ca-Ic -sla t ing -dissociat ion us ing  the  absorpt ion
- c c - e f f i c i e n t  for’ F~ s-c t -cc -m ine d by Steun enberg and ’iogel (~Re f. 11). The ‘ralue
f0r ~ at I-- 1~ is~~1.2l a in at 2~’3 K ;  cor rec t ions  to t h i s  ‘Ia-i ce were mace

c c - t :,c ‘i-c t - ia -I eap-c i- ic-sent al  tempera -c- -ore .  Attempts to determine F atom c-cc-tent
r ca - cc - i ou , er i c - c : HId a-:, u,:ecm ssorec:,-c - t —o f HF pr -c Focel from the reaction were

us:: o-cc ’sss f o l .  dcc a- H-e l—F -cel l  the  degree of reaction w i t h  HOd was fc -un d to
be ‘-‘ar ia-i ,  d ’s .  In an al-si m on -cell tn - c  r e a c t i o n  did not go. Althoug h t h i s
c - s e c -n c-: was success ful ly  uemor .s t ra ted  as described in Se-cc - ion V , i t  appears
c - c be n- ct s-c i t ed  to small volum e — static flow experiment s a-cs wall inc-er-
a-cc -inns atc arently n ave a significant effect.

Oas mixtures  were made by f l owing H , F ,,  and He or di- f i r s t  throu gh a
cc-Ic-ring se-cc -ion -consistin g of three meter S of -a d orn inso m t cubi r ,g  in t i,e f sc -cc c -f
a co i l , c--ext t h rough  the f l uo re scence  cel l  f i t t e- i  w i t h -  :-:el—F sic-lenci s ‘.‘a-I’i es
w i t h a by— p ass  ‘ral’r e and fina l ly  t h r o u gh  a -ca l i :ra t e-d  o r i f i c e  c-c c -h -c -:ci c~~usc-

inc-s. The f l u o r i n e  was passe - - I  t hc -ouah  :;aF t o  c--cm-cve HF. Arsaor s io  of  c-ne
by ga-s cru roma tcor ap hy  show ’s-I 0 ) -cc- c -tent of l ’css than 0. 1 p erc ec : t .  Fa~

?~i css . o re was measu re s  wits :  a -‘capa~~ic- anc e  m - ar ,n -m e c - -cr w h i c h  c-al bee:: :a_ In c - ’m c - e
er i c - c :  a m er - c -c r y ’ -  .ors e- c- er .  The c-e sc - lefin- e l f_  :sc” u:-c erlce rain er-crc obt ain -c :
us ing rs r -s’:c ,i:-ced F in ar ’on -an -i i-i do: ‘a rcor: . These r ’cixts :s’es ‘ce-c--s mace hI--

a c ~~ic-~’ sir-cc-n ‘is ‘ -, .
“ c - s i  F _ f r - c- a c - s i n. c re:rs’:c ’-~ or ’ 300 psi a - n - c  a r r i n u -  -mc’’: : :

- , -‘.
“ u r i  H fsc - ’it :t’ r . a res -ou r -c - f  ~3-) p s i .

In a I’_ owsi c-,: syc’s-em ‘cisc - n - r u ‘s’ :‘i : ii o;c ~~1 t : c - :’ sir-,ncc - c,e :’, pr -css ’cre

c-eo.cur erc -ssnlr ,u cc - - c-co’s :i ’ie a c - c - u ’ s  ‘c--:’ - t,. - at’ - rrc - ” e : : t c -umt  ion b ’s ‘- t ose cf  a ch ’:cate
In  ‘sc -c - c -cit a -c -ca - :1’ tm-s exit -a~ ’ucin re a: tcc -~ is or:: c-icy ay -er  - ‘na-c-ge: ‘S i c - c :
In  -c--sa:Ir ,r nr-so ; - . The In a ,:y:s ’- ’-’c’s a-or c a - li : :‘-o’ r’c In:’ inis ‘e:’:’ -e- st by

I I .  Jt n ’sr ,ccec- .’ , ?, . H . ,  ‘sic. , R .  . I - u - - n -  Inc -~l .: r r ’ s i. -n Fr ’s-sc-c-- ::. of 
- .
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FIGURE 20 CAL IBRAT ION—K ISTLER GAUGE VS CAPACITANCE MANOMETER



in t r aci - sc in ~c ac-~~oc: thr-oiu~cr. two -calves in sequence , ‘sur rc i ri u- th e  ‘ca-lie: o f f  ir.
t oe srt ~c s i t - e Seq ;er~ c’s wh i le  reading press -ui-c: . Oh ’s d epe nd ence of f_ c -c c--ate
cc: p ressure  ‘ca-s -ob ta in ’s  I in the fo l  lowing  way :

L et p = test cell static pressure
A = exit valve effect ive throat area
f = molar flow rate

Now for choked flow through the valve

f i  = Cp
1A

where C is a proportionality factor depending on the  ;r -o :erties -of t he  oas .
in’ c-ne cas properties remain essent ially the sam e , th i s  factor will remain
constant . Similarly, t h e  effective throat area (dependent on boundary layer
tn i c~,ness) will tnec -  depend onl y on the pressure . To f ind  A = A l p )  consider
c-ne fold owin g: 

-

Add a ,cas mi~ c-ure (say Ar — F2)  to a known pressur e p .  Then we ha-c-c

= CpA

2-.,: c--ose another valve is opec-ed to allow a n o tn e r  :c-ic-:t cr e (Ar -
~ H0 ) ,

r - a i zj n , c  tn ’s a ressure c-_ c p ’ . Then

—‘ V  — -.,_ V — I
- — ‘— ‘- ,-,,

::c-w f a-ri o f ’  are not :~O a W c- o’ocoduc-eiy but c-he r a t i o  f / r  may cc found .
Suppose f- is t:,e fl ow rate  f c-he f i r s t  gas added to c-he reid and f

2 
t h at

of c-ne second , ::en

=

I’, —- 
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a a o
2~~~~~~~e par~~iai~~~’-e s.~~r=s o ~~ e ~~~~~~~~~~~~ ~~ e ~~s-
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Thu s i: c - h — c par t ial  cress ore of the f i r s t  gas in t he  f i na l  m i x t u r e  is
knuwc- , the  c -m an g e  in e f f e c  iv’s area is known . A series of tests or-e r
-;arious press-ic-es were c--sn to ob ta in  A = A ( p )  and the values were -s ed tc
:-or , st r -orc- tic -c c o r r e c t i o n  -cur- -c shown in Figure  21.

The c - a c - c - i a - I  press ore of coo 1 san be f n-uci -I by c los inu -  o f f  the  test cell
an :  i r , j t i s it in c  c-b -c ’ r~csi-c ’s ion at’ F . + ~ The resu l tan t  HF f-c c-m ed -car: tn -er :
is’s :- -~dac -eo to c-~ or  c- ,. , wc : l c::e~ e r iS src-al ler .  Hocowlei ge a-:’ th e  r e_ a: i-c-s
makeup cf ‘c-m s - at.: ~a~

’— - em then y i n l i

ion  by HF ~f .“_ -ci’  l~~,, i nom a small ow p s - -sc - — j aser a-’a-c- i s— -i to  cc-c
c-n- acct - al F. cu,u ‘ui:c r . t ;a-t i -~n3 by o’ o-:- ,’mix,in.o th— cuno:,nz -of HF ps’-sd-cc-”s-i in
F- ‘j ’h  a-r , c in r i c a  n c - a t r s .  This :‘ah i a ti sn  was -a-Ins ~c—In ici c - i a -  sub - i

~ rIco ’ :‘ -c~~a tri c ; c-ha k in - s t i c o  - f  os ’o oc:d s c - c -c-c i~ - c -c ’s - a - c r c - i o n .
n-b” “ !‘ ; ‘~~,~ la - , c -c:  .,: l eve l s-p c i  f c c -  c-ne cc pur Poses -cc-i cia has ‘ccscell-s n ’ ac-c c-s

‘s o  c-c -mc , : : s’eq e:s c: ’ : a L I l i c - y  ( P e f .  1 2 ) .  The laser  c- ’sat i oc-s ’i on In s in g_ -c :5-o re
h-s ‘- ‘‘-sr c-ne isrc c- -sr’ b:’ aa cene : cs -a-e r c ur -c-- c of -mis s- cc- ~-:~~ :-o- :c- . The

ca -p -ic i c -y  - :‘ ‘ ,‘ i c s g  t o  l ic , ’s  - c en t e r  is :- e c ~ccssar :’ be-cau se acscrc -t l crc c- s- s-cs ,:‘- C —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ l ine -c -c”st-e:’ w i l , s i u - c c i f i c a c c - t T I ’ -sr ’ r
- - 5 . -

‘ . .1: -ca -s  - s : c - - - - i -~ , .,,
- so ir c s, l -: ’s r ’ -es c c c - c - i d : : L n g  100 c-crc  of a u - c - - c : :

- I rn’ -::, : llc:-~ :hi:’t i :. f - c - -c ’  HF aicscc ’c - :icm - cu r v e .
- -  ‘t - t : i n ’- -~ f f  - ‘c- , ac-sort ;- ’ i - sc:  c-eas ’,r cec-~cco ’cs  w-s r’-s maci c fo r  c - - c r c

. 2 .  : 1cc-c : , -- ,,  - 1. , “ : ‘s:’a c - i --n or ’ a- ,h: ’inl J L : : c h ~—~ o c- : Ot i s -in’s cw H : u - - ’e’s F - -

- i - C r ’ , -
— —~ 

_ , c-~~~~~ -

‘cc — 
— ‘

~~~~~ 
. - - - - — ‘‘ ‘ —-—— - - 

~~~~~~~ 
- - - - ‘ —— -
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HF a-cc - i HF l i_ u t - s c- c_ i t o  100 t-orr Ar as tc-e las-s r fu - e - c -~er , c j’ -r ’mr ie over ic -s
l ime wi  I c - cs .  A sa’c-c-le :cse ’uar u r eme mc -  of 1 an: ~ for 0. 1 t o rr  HF is sc - .wc-, in

I n .  O im i l a r  :c-ea:’orements fo r  HF at -3.~s3 c- cr c -  in Ficure  23 sc-5w
c- c-i c- c

_ _ c -  c- Ic-C I-iF a- c - I - s t  cc ’ -~n 1/I vs. r ’re-;soenc;. pr o c-s-c-es a rc abs -~c - p t i c n
cu r-v-s c ’snt — :”s -: at tn ’s laser v , ‘c~ereas fo r  c-ne s-arct e s o - c - t u n i c - :  inC tor ’c-

0 - -

of ar g cn  t ,c-er ’e is a fr -c- ’, -oen sc y sn:r ’t 65 ~-~nz from v an: —cor,s:c,era-c _ -c c - c -e s—
sure b r o a l en i c c g .  These r es-ol ts  are in agreement ~ i th p r e c i o us  n ’sau .orer-,er :ts

I ir,e s r, i f t s  ac-s broadening ( R e f .  13). In the la t te r  case , c- ieas-orecc-er.c- - f
a c- s cr p t i o r .  at the laser line center result s in a val~ue o’i r 50 c- cr c -cc - c -  Ice -c :’
c-nan c -ne  ‘caine f-c r c-ur~c HF. By making many such measurement s 5 c r  laser - lic,es
IF - - ac-I  In the plot  shown in Figure 21 was constructed and used c--s in t e rc -r e t
abs ,c r c -c - i cn  nea c-r r ecnents .  Using these corrections to the absorpti-or , m as ur e—
ment s , c-he HF cr o du c e d  by a cw arc lamp from H 0 r ich  and F

2 
ri-r h mix ture s

w i t h  130 t o r y  Ar was determined , in ar. alum icoCri cell only 50 to ~-l p e r cent
of c-he e:-:pected HF -ca-s found , indicat ing that the  al uminum walls ic-hi ’s_ic-c- :
tor e r eac t ion .  ‘Th to 95 percent  of the expected HF was f o u n d  in a
c-elI, an-i thi s cein was coosen for the pulsed f luorescence  s t u d i e s .

P oIsed  F luore s—c nce I a - t a

The cata f o r  the f l u o r e s cen c e  exPer imen t  ‘ccc’s - :b c- a -in ’s- i  a-s so cc - c  c - c - ac- cs
of OiotP slt S f r -sm the -detectors f-or pressure - - K i st l er  -a-a-~~~) ,  f l  ocr - -e s -ceno e

HF le ’zeds v = I , v = 2 , and v ~ 3, and f o r  i n t e n s i t y  of t r a n sm i t t e d  s’s
la-s -or r a r i a t i -o n ( f o r  v = 0 ) .  An example of c-ne se t races , -cia _ i c:s wer’s c - -c -c ot c-s
sIc-~~1c-a -ne-o~ siy , is si ,cwn in Figur e 25 for  a gas nix c o n t a i n _ i c - .: 0.2 c-crc
1.0 c-co-c- F an-I 130 ‘soc -c - Ar .  The fo rma t ion  of HF (v = a )  is ev i d e n c e - s  a-sin
u ’s cc -ca - se  in i n t e n s i t y  of t r a n s m i t t e d  c-r ’oce las-cr c - a - s l a t _ i o n  w n i c c -~ oc:us ’s c-re: ’
a r - s l a t i -r e y Ion; t_ ic - .e of m i l l i s e c o nd s .  Inoc:eiiately a f t e r  c-ne i c s i t i a t in g

s-s a src -a ,l g a in  can be seen in th is  t r e s - s. Also th e  :‘c rc - :a-ticsc an .:
ce-a - c c - i - c a - c - I  n of HF ( ‘ -  = 1) and c-lie ohan ~:e in c-r essure  Iso -c’ to t s r c p - s u - a c - :r ’e
ir , -cr’e as e f r - - ccr c -ne c - cac t i - c -n  are on t h i s  long t ime  scale.  H-c e-cc -er ’ , t he  for - ma--
c - ion  a-nd se-ca - : of HF (v  = ) and :HF (v ~ ~) occurs  in a :nucc: sb - c r c -e r  i:c-e .
in F’is-u :’ 3d , f l u  s resc -sn ce  tr’aces for  tb-c in -u n iua ‘ ribr -at ic - :, a_  t r an s  ic - i_ c - :
‘r ~H s — c ) , -r~~ — 3), ‘z ( - — I )  are shoec- . The-se c - i c ’ s - c c - c s  w c a i - n  wer e ta::en in tc :ree
icc - c _ i  :: c-c a :_ s-e e:-:c-t~r’icc-ercc - s u s i n g  t::e same is ~_ s-e ec,e:’c-0 ce m - cocs c -r - ic - e  se
-s :’c t re:’:ely :’ i st  :‘ srs c - a c - i s - r ,  of IF in dec ’s _ s -

~~~ :-~ ~r = a- : ; c~ t: s -  “ -eu -v  r oot

:‘-:lar’,a c - i _ n  at’ c- .s-s c-~

-c-crc ‘c , a : , ’  t~~ :-,-sa - :-cre c-h -s ‘c - s  1 c - e  i n c -~s s , o _ i ’ s  s-f c T  :co’-c’:r-5 c- -c -c in
O c ’ c - c -  to :‘~t-c-’:-.ine c-or- c- ,c-’s sopolatis n s i:: -s-i -’h i-c’-’eI. - - c c - ;:, e O r e  r- ~’. - ‘c - c c - :

c-c ~~ ~c o -i.-s ’c i s ’ i ’ ::c- - r ’ t in ,o t t a - s  e s ; , : ’c: r ~c- co c:- e s I - c: - - , i t
c c- r s :- ics ’s t c - - s i n ’ s  ‘.:, s source  c l J ’ ac , ’n- - cc : a -e r~ :c’ - :, e’-n- c ’s.c

~ , -
~~~~~

-— — ‘ - . ‘ - ‘  —t ‘.- — - ——r, ‘~ - -. ,- , - . fl. -. ‘‘  — ‘ - - ______________________
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:alat- ’ c - c - i _- c r .  Alc-o a: -’sr rcccs r ,c - o  ccc ’-as-u ’ -~ :‘l-sor - - -- s-c~-nce c-bra -  ,;h a I, -
~

cc -c — c s .  sm~ ‘s’sc’ -s-~c’-: cc - ct s- :ss -c ’cs:f:l b- sc -cc -use or ’ is :ad e-: -u a-c- - :1-soc-cc c~-r :ce s tr - -c - -,m h .

~sresc-cnc-e -c c- cc - -c :‘inic-c-ts wc sx c m  w i ’ c-l ”: s: -c m -b at’ mix ’s co’cs: (i , )
s-f F1 end F - , (I) m is -cc - -cc -co In F~ and F2 ;_i~ h I- i-- -aa-d-cl , (

~~~~) 
ri.’-:tc s~~s

c-f :-~c- and ‘v j c- ac ’;l)n add~-d , ar cd (~4) mix ’sur~-s cc ’ c-r--m_ ixed ii- ansi Ar a-’ith
and Ar.  Fo r- the -c: c-e s-im--r :c-al oases ‘sic-h c-ne c-r em_ ic-r e- i  gc - scs , the

ca-s nc_ ixtus -e -ronc-osit i-or-i was a--cc-co’ac -cl --  known a-rod the d i l u ti on  was s off _ ic _ i - -c-c-
c-s kr -cr tne c- rnc-era ’s crc ic-cc s’— a-se ‘u’i’srclc : cc-od,~- r a t - ~ limi ts  of ~-L to c-C-°C.

two c-i nt e r_ ia  we c’~ not cc-c t 5’s; ‘cc-- - flu-st ‘sac--s e cc- ia- a- u r r s .  For this
r’-=aoon the ia-ta for  the c-u -crc - ixe d c-a-se: will  b-c ps’~ sc-nt d he:’ and, are th~
ones -c -ompau--ed wi th  t ia t :  comp cc - o r  mo -ic-i . Tho -oth rc r mi c-r t - :-r-~s w ill be
-_ i isc ussin below .

w~c s’c ma_ ic in H- - an-i F ‘-u ca- t -:x ,t usc m o  mi:-r tur -~s soc-ta_ in_in c ( A )
to ’u- F~~, 1.0 t o u -~- Ic :, 9-~ .3 c-orr  ~:c~: ( )  1.1 torr F- , 1.0 t~~c ’c’ F2 , 97

Ar :  ( 2 )  0.5 c-co-c i i ,  1.~ 553 :0 ’  F— , 5)c~.5 turu- As- c (D) 0.5 c- or - c ’ Fc- , 0.5
c-co ’: : - c , a -- to r c’ cc’: ( H )  1.0 c- c u - c’  i-~~ , 0.5 torr F- . 9(3 .5 t s ur r  Ar’ . For -each
of ~n s- cc- is-:’s L’- :c ---a-n at_icc-: ‘s- - s-- n-a l -  Ic-, c-h-c I c - i t _ i a - i  F atom c -cc - c-  c-t o-at_ icr -c-c

P .100 er-i-s- u-c-c-’.

fcc’ - -c - s i c - In c-cc - Sc mt:t oo’-sc os c-h-:- HF ( - .- = 0) num b -c r i-cc-sit_i-
a-cc- i ca-s c - nrc-- s’a-t o:’- -  t in’- si -e pc:.1-~c - - - - is cis c--c rc- in Fi. ’o:’-cc 17, 26 , 19. 3 0 ,  31

‘_ .  ‘h- - s-s -a’acsc-c i~c ’s’ive fr ,~rc -.c c _ p c  c-u-a :- -c such as F_ i~ - co’-c- 05 where
cmc-c-: c’at .c ’ - is calc sic-t -o u r u - ccc c-c a: co’ I , c’eo. : rise , a-nd. acsos ’pt ioc- ,cf

‘Ic-- c’s —‘ cn is u s - - i to ccai c ,1:c s-c n r c - c - r d  c -c i t y  wic -ri  -c -:-c’c’e -c -ti on s f c c’ lio-~
h r ’s-c :-~-n_ i c . ;  a-n i  c- smc -cc’at -,c’o Trccc ’-n l--r c - - c-c so c-ho- abco -rpt ion  -sc -o e f f i c i - ccc -t . ‘—cc ,--- s-a lly ,
it is In-un-i ti ,c-~ c-c-- - t --c c - r-~- nat :r’~- cc- sIc-c- cc - or ocs ’,) re the ‘nax _i :c--um HF
in.’ n_icr ’s co-ca-c .~., B arc-i , c-n - - I-IT pr~ -cc~cc-l  c- -s c-c ocoals-ly n ssproc- :irc-acsc: c-ha ’s cc -’ c - c - c
cc-ac- icc- .rc- ac-u .cst coos: ib~ s t Ic; ~-~~‘h -c c-c-crc -i-- c-- s”s a - ct i o r i . :~~u- - c a s e s  1, H a-n-i T ,

I-IF a-mo un~s Is c-om c ’.-,-ha -t i-ccc. It ‘cc r ’ cl .:, sc c-ira -c- L’ s:’ each ccc-ic:t crc c-bc-
arcs , ~rsc- In liT r:’inu- --d.  ‘sc-os Is s-?r, I -2su -  in Tt ~~~1 :: -‘- t o c -  -_ n t - :c-t ( p u lSe cc-c o’ s
ac-c t:odsd to c-na -ds ce th ‘sc-Cat t lc ~_ l :c, ’a-c- l:: - ,r:: a-c -c-i c: 2’ at _-rn coc1t-~rscs . T’lc-ic
e f f — c ’ s  is dic-c -a-s:c - -i  in c - h- -  Dat a ~-.c- 2 y c i s  ce - c t  ic -n a-c--i I: c- c-a:’ .t ii,
57 throa-;h ¶11. A s smcc-l’.c- listiri - I.- c ru- ’ ic-’— I in TaLl- 5 at’ c--lI c - cs - c
c-cr c -to fcc-’ ‘--rh_ i cia i-ac-a ‘s~- r’- sibta _ ic ,’- 1 c_ icc - - ’ c-is- - mIn’ .: 1- , in 2 ,  2- . H ‘a-c- i F.
Th- ce —iata a-c~-~- :‘ .c’th-s c’ i _ i s c : , : c - - - i  I:: a- Pic a-

Tinblc- 6 c co.cc-ai:,: a i cc_i’ In ‘-I:- - c-:Dcc’_ilc-- n -. c  - c c - s .  ‘s’ - : cc : ‘ : ‘ c-c:-
cL _ ic - - co  of c c - i c c ’ s -or ’ -- : -- c - c - l c c  Irs - ’ cc c-- cs_ ic- p --I ‘a-c :: ,_ i :-r ’ c : ’ : . A, s ’l : ’ c c -  - - c r c - - - -

cc -ont o ( _ a - c_ _ i  ‘cc- n— ‘A’ r: u:: slucc’ - 51 cc-, a - c - - s  c’ • c,;- :’mo:, c - _ -
- : r  :,,~. s : ’  c ’  ccc’s 

- c c - c - a _ i n - -c c-c-s m ‘s.. c-c c - I . c~~~ - 0 5 ’ ,c- a.’--- :rc-~’sc: o r ,  ‘:o’ ”--: ‘c- ’c’:, -:

c -i f c -or--c ’s r ’cc-c ’-r - - r - - -ro ’~_ i - ’ - - c t ) -o-- ’ a - cs -- ‘c-oc s’:’is _ :  : c-c--,’- - - -- - ’ . c- - c a - c - ce ::
- c -: f - -c- c t- :mp’~,’at’os’~ :1: c r ’ -or ~~~~~T s ;  , ‘s-- ,. ’- ’ic . i ’ _ c a - c c - i c - c , : -

c-n c_ i th -~:’ a-I ’- -  ~~~~ ci . - n c -  I ia -- - . c-- c - c r - i _ c ’  - cc- c - -c -or’ c -h -cc -— -:p ‘i—
Is a-,:oocj’mt- - r ‘s_ ic-c- pr’cu’ -~’c c~ i~-a - - - n _i c - h  - -cc - : c-c- : - roL~ ,c- :e:”: - r .  In cc ’ :
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TABLE 6. SUMMARY OF PRELThIINARY F1JL3~ E PERfl€N~~

-: :- lLx’sui-es 31’ c-Ic- and. c-2 (no itiluent )

~-ix  I 1.0 Torr 
~2 0.2 Torr H2

Pulse Ener~~r ( Joules):

0.02 5 0.0~ 0.08
0.035 0.OL i.5 0.08
0.035 0.05 0.08

0.05 0.09
O.01~ 0.07 0.097

Mix II 1.0 Torr F2 .5 Torr H2

Pulse Energy ( Joules):

0.0-07 O.C2Lc~ 0.0L~3 0.065
0.008 O.O2 Li~ 0 .050 0 C67
1.0-10 0.02 5 0 D-57 c.o68
0.011 0.035 0.05-3 o.o68
0.11cc 0.037 0.060 0.073

0.038 0.061 0.035
1.115 0.11Lc- fl 0.061 O.C1~7

c.O!1.o 0.063 o.o~-8
0.020 o.c41 0.065 0.059

III 1c -- Tosso- Fc - 0.6 Torr Ho

Pa-joe Erierly (Joules):

0.16 0. 1- -c-C
0.0-35 0.06

:Ijx rT 1. -a- Torr Fa- 1.0 Torr 11.2

PIolcc e Er~~c ’~~’ (Joules):

0 .0 3 5 0.056 -0 .11354-
iD .C- 35 0.36-o

- c - a -

— — - - --.-‘ — ~~~~ - - 
— — I’~~~~t’Ic’T~~~~~~~~~~~ t t ’. - 

~~~ ‘ c c [ ’~~ 
-- ‘s” “- - 

- - 1~s — - ‘— — -5- — - - - ‘



Tu1Pc-~ 6. SUMMARY OF PRELflvIINARY PUlSE E~CPERflvENTS (C0I~T ‘D)

‘1 1.0 Torr Pa- 1.5 Torr 112

P-cisc Energy (Joules):

0.028 0.O~i-3 0.057
0.031 0.052 0.093

Mix VI 1.0 Torr F2 2.0 Torr 112

Pulse Energy ( Joules):

C- ~~~
0.0-53
O - C-9 1

Mix VII 2.0 Torr F2 0.2 Torr 112

Pulse Energy (Joules):

0.09

Mix VIII 8.0 To~ r F2 8.0 Torr 112 ~O Torr N2

Pulse Energy ( Joules):

0.063 -0.o82
0.063 0.085

:-~ix L~ 0 5  Torr 5.0 Tou -r

P ulse Energy (Joules):

0.0a-

1. tix~’~r -~ c-h :~~iia-~

1.0 Torc F2 0 .a- Torc’ H-c- 50 Ta- cc:’ :~-c-

P j o,  P c - -: - c ;  ( ‘ a -  clc - s ) :

- -

c .  :



TABLE 6. SUIiflvIARY OF PFELflVIINARY PULSE EXPERLVEI~TS ( cowr ‘D)

~-~ix II 1.0 Torr F2 0.2 Torr 100 Torr He

PuLse Energy (Joules):

O.C~+O 0.CLI. 5 0.08 0.09
0.05 0.08

Mix III 1.0 Torr F2 0.5 Torr 112 1.0 Torr :12

Puls e Ener gy ( Jou les):

0.027 0.033 0.01i
0.03 0.037

Mix IV 1.0 Torr F2 0.6 Torr H~ 50 Torr He

?u132 Energy (Joules):

0.05 0.065
0.06 0.092

Mix 7 1.0 Torr F2 1.0 Torr H~ 50 Torr He

Pulse Energy (Joules):

0.028 0.056 0.087 0.00.7
C.035 o.06o O.C9!1~

Mix VI 1.0 Torr F , 1.5 Torr E-c- 50 Torr Hc-

Pulse Eccoel- gy (Jcc . i icc s) :

0 .03 1 0.003 O -157 - 1 . 2 5 - 3
0.051 0.075 -0.197

-iix VII 1.0 Iorr F2 2 .0  Torr 112 50 Torr :-ie

Pulse Ener gy ( - 1 0 -u i - - c c ) :

0.0-53 c . -l
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TABLE 6. SUMMARY OF PRE LD4ThARY PULSE ~ CPERfl-~ N~~ ( coI~T ‘D)

Mix VII I 0 .5  Torr F2 5.0  Torr 112 50 Torr He

Pulse Energy (Joules):

0.091
0.093

Mix DC 3 .0  Torr F2 8.0 Torr E~ 80 Torr N2

Pulse Energy (Joules):

0.02 5 0.063 0.082
0.028 0.065 0.085

Determination of HF produced from F2-112 -H e mixtures to determine F2 concentrations .
Each mixture pulsed 3 t imes for complete reaction.

Mix I 1.0 Torr F2 1.0 Torr 
~2 50 Tor r He

Test 1 - pulse energy ( joules) :  0.11 0.085 0.11
Test 2 0.11 0.11 0.13
Test 3 0.13 0.10 0.11

Mix II .5 Torr F2 .5 Torr 112 50 Torr He

Test 1 - pulse energy (joules): 0.J.2 O.~~5 0.11
Test 2 0.107 0.088 0.11
Test 3 0.139 O .iL ~2 0.133

Mix III 1.0 Torr F2 1.5 Torr H2 50 Torr He

Test 1 - pulse ener gy (j o u l e s ) :  0.105 0.05 0 .09
Test 2 0.123 0.1 0 .052
Test 3 0.09 5 0.08 0.098

Mix IV 0.5 Torr F2 1.0 Torr Ec- 50 Tor cc He

Test  1 - pulse energy (joules): 0.055 0.085
Test 2 0.075 0.08 5
Test 3 O C5) 0 .02 0.1

- - - .‘. - .  r — : - - -  -‘ - . - - — . — -



TABlE 6. SUI~4ARY OF PRE L~ -IIMARY PULSE ~ (PERE- -~~N~~ ( coN~ ‘D)

C. Mixtures with Arcccn

Mix I 100 Torr Ar 1.0 Torr F2 0.2 Torr Ha-

Puls e Energy ( Joules):

0.08 0.011-7 0.067 0.098
0.017 0.05 0.08 0.10
0.035 0.05 0.086 0.13
0.014-5 0.055 0.09 0.17

Check of content by determination of HF using multiple pulses with above mixture

Test 1 - Pulse Energy 0.06 0.08 0.06 HF = 0.29 Torr
Test 2 0.105 0.11 0.12 HF = o 6 ~ Torr
Test 3 0.075 0.067 0.06 HF = 0.38 Torr
Test ~ 0.035 0.113 0.085 HF = 0.55 Torr
Test 5 0.12 0.090 0.096 HF = 1.10- Ta-rr
Test 6 0.05 0.113 0.09 5 - HF = 0.59 Torr
Test 7 0.80 0.65 0.60 HF = 0.61 Torr
Test 8 0.014 0.08 0.06 HF = 0.53 Torr
Test 9 0.098 0.085 0.12 HF = 0.95- Torr
Test 10 0.08 0.08 0.065 HF = 0.55 Torr
Test 11 0.13 0.13 0.12 HF = 0.70 Torr

0.08 0.09 0.11 HF = O . 6~c- Tor r
Test 12 0.11 0.10 0.11 HF — C.~-4- 1 Torr

0.115 0.02 0.08 HF = 0.53 Torr
Test i3~ 0.086 0.11 0.080 HF = 0.32 Ta-rr
Test 1~-~- 0.085 0.11 0.11 HF = 0.-D C Torr
Test 15 0.060 0.080 0.083 HF 0.32 Tc.rr
Test 16 0.17 0.10 HF = 0.18 Tjc’r
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where a-:-ereaction produced in excess of’ 0.02 torr of HF there was a sI-ow b u i l d
a-p of HF in v = 1 and above immediately after the UV dissociating pulse.
After sortie delay there was a sharp increase in the excited popu latio n whi cm
was reflected in v = 0. The delay time was shorter for increased ircitia .
F atom concentration . These effects are illustrated in the scope traces -c-f
Fi c- ure 35. It would be interesting to look for gain or lasirig effects
-luring the spiking. We surmise the spiking behavior is due to inhibition
of the chain by H F ( v  = 0)  with slow buildup of t emperature until  an ex;l-: -3 i7e
reaction occurs .

In another series of experiments ( Table 6—B ) He was added. to the
mix ture  to keep the temperature down . Unfortunately the addition of he i-cc~
dist -irb s  the F concentration because as Bott has pointed out (H e f .  I-. ),  the
viscosity ,  ave5age molecular weight and specific heat of the mix ture  changes
so that the initial concentrations were unknown . An attempt was made to
back correct the data for these effects. However , testing the mixtur e by
determining HF produced through absorption measurement gave low and inconsis—
tent results.  Similar conclusions were reached for the data with ~r as
di luent  ~Table 6— c).  For these mixtures there was uncertainty about the

concentration . Because of the high t emperat ure or uncertainty about
s~~-ir t inc -:oncentrations , data from the experimental runs listed in Table 6
were not analyzed in detai l and were not used to evaluate kinetIcs.

Pulsed Gain Measurement s

ain measurements were made for pulsed chain reactions in mixtures cc-ace
wi th premixed F c- /Ar  and H

2
/Ar . The flucr escence  apparatus i l lust ra ted icc.

Fi~c-.res 13 and )  was usea except  the Cu or-c-be be~ c- traversed the length of
the -cell ( 15 .2  cm) at a sliont  anoDe of f  the axis of the doubled ruby beam.
Thteccsi ty  of the cw bean was monitored wi th  a ,-~oGe detector  and scope pLc—
t c -r e s  were  used to record data. T~’o soon ;ain traces are presented in Fi o c -re
36 for a IFS and 2P 3 laser l ine with pea:-: ~ains f-ca-nd at 1.3 an-i, 1.11 per-cent ,’
cm r eso e -c t i-re ty .  A very important aspect  cc: ’ t r cece  tn- -i-c-es is tha the gain
tycci c-ally las ts  Ocr 10 to 20 c - se -cc a f t e r  tne to b e  n-o: -y pulse wni l e  the
r e a c t ion  p r o d u c i n g  HF goes on Ocr  m i l l i s e c o n  cc ;  c c : -.at is , most of the :-e.lccti - c .
ener-y does not result in laser gain.

F- j r a mix t co r e coccc ta c-nLc -c: 0 .0  t c - c - r  n~~ , 1. 0 t-o c- ’r F , and o8. -S tci- :- -~,
la1n meas~ r em erctcc  were made  0:- cc cche icc-ei li’ I , 1F3 , 17- , 1F4 , IFT , F ,
0?-., 2P 5 and D2~ wi t h  -c- ar i at iorcs in , :ne i n i t i a l  F -it-un concentrcit :or-, (cc c , c e

1-- . 2 oct . -2’ . F . ,  --  2-icc J2rrco,m l a-Cc -c- ‘
~~ ct1 -~.: ~-rcc r1i- t .- L.a-a-c-en- :::.: oed

- l u c r - - ’ c c - c - - rnc ~ M ’ a - . c - c -- - o ’ - -n ~ : c- : 5,-~~=i ) ‘so~ OF( 17~1) C- - c ’ - - i - ’ ~~- i : c : , ’

-2’. :~ a- ‘ .. Oh,- .. - . - il , : cc o~ . -
-

70

- - -- - - ‘ —  - - — :  - -  -- . - - - ‘ ‘
~~~ 

‘ - — - — - - -
- 

- 

—



LJ~~~~ LJ~ ]J
~~~~1Iij~~~ ~~~~ ~ I;~~~~i ~~ ~

I ‘~ 
‘P~~ - .

~I~ J]JJ~I](N 

~~~~~~~~~~~

E~]1~~-] . - 

~

— 
- c

- -  - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~ ri _ _•1 ~~~~~~~~~~~~~~~ .~~~~~~~~~

:JJ:TrJ7~i~J
~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~ i~9TT~~~~ ~ri’ n ~~~~~~~~~ 
- J JJJ L ]IL~~~~ml~ 4~~~~~i4du1 ~~~~~~~~~~~~ 

--



0.2 TORA H2, 1 .OTORR F2, 98,8 TORR Ar

1 P3 GA I N  1 .4%/CM
PULSE ENERGY 0.17 JOULES

~~~~
j
~~~ %~IJ ~ J ~~~~~~~~~

~ ~~~~~~~~~~ i:irj,’ ’~ ~~~~-tr --~ r.-- — - - , --‘—--n---

~~~~~~~~_

~~
‘ - ‘ -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

*~ i,,. ~~ 4
~~~~~~~~~~~ 

+..~ ~~~~~~~~~~~~~~~~~~~~~~~ -~~~~ 

5~i~-~J -, -
- 

‘~~~i~~~4I
4. .,~~~ J.. J.~~ ~ ~~~~~~~

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~
_ _ _t~ 

~~ N1:~~~1 4 c-’ -

2 - 3  -c -~~ IN 1 .3 CM
p uL -c E EN ERGY 0. 19 J OULES

F I G U R E  36 GAIN TRACES



~n e r T ’) .  These data are listed in Table 7. In Ficure 37 th-~- cain — c-n
vari~~ s lines is shown for  experiments using 0.12 joule and. 0.17 joule
d issoc ia t ion  pulses. Over the canoe of lines studied. the rain is seen
to occu-; at DPLi- and at 2P 3 . The gain on any particular line was f~. c-mci cc
mcrc-st-ccni :ally increase with increas ing puls e energy as a-hoc-rn in Fi,zure ~3.

Fcc- the mixtures studIed , gain at constant pulse enerc-y of tb-cc 1pL~
line was found. highest for 0.5 torr H.-) .  1.0 torr F~ and, 9 8 5  ca -c-c Ar. The
data with u-aria-us mixtures are listed in Table 7 and pio t tccd  in Firure 9.
An analys is of these data and, comparison with the com~uter moO d 13 ore-
ce-ate-I in SectIon lIT.

Pulsed Laser Tests

Laser tests were made us ing the mixtures  of premix -cc-i Ha- / Ac -’ an-i F2, Ar
emp lc;—-cc d for  f luorescenc e and. gain meas-crements . Fr-coue-ncy da-uc -cc -i r~ dia-
tic-n from the ruby laser was used to -diss-c-oiate the flc-a-rine an-i initiat o
the chain reaction . The laser config-irat ion closely follove-i the desi.zn of
::i:ho12, et al ( H - c’. 15).

Pro-c-ia- c- st -c-dies  of oulsed lasinu- on H.-~-F0 mixtures inc-ic-ic the va-~-c - of
asa--c an-i uccwcr~ e:’s (H ef .  16) who demonstu-ated pulsed lasinc- usico f lash-

lamp in i t i a ti on  :-c’ cch-~- chain reaction from leve ls up to v , o-5, in 196-9 . In
these exo-~c-’iments lac iccr a-n t:-ansiti-ons f r o m  v = ~ showed, less power than a - c c - r n

-cha -r  ic-c-c ia- 12-adino to the -conclusion that ch-ain b:’an:ching by HC-(-i=~-) —

F2 HF - 2F was an Imnort ant  contr ibutor  These experiments a~~co s’cgrested
~a
5 t’( r= _) ~

- c-tat_ ~as t ars er~’ed cc 
~,a- 

b~ cause the 1-~ transi i oc
wa s no~ a-ba-ecu- -ct. Subsecuent c-rcrk -c-crs ,zener-allf lid na-c c -h a - er -c - c  las inc fca-rc
n c -ac:c i t i ;ns  hi :h’- r than v = 3. C a r e f u l  otud i -ca- c-f oulcc- -l lasiccc

I by C-lohci~ and :o’-;-c- n-~ -ccrc - (Ref. 15). In th is  cc- c- irk a l’a-’e c -ue ncy  -ic-ch ed
p-:l:~- 1 c- icy 123cr war -uc’-d to s tar t  the F-c- -iL r eact i cn  and la.: -~:’ -emiss ion was
a-’-. c-a-cl c-n ‘z = 3 — ‘2 , 2 -* 1, 1 —‘ I. The tine- history of ten line s was ne as-u: -uct
c in- ,ltaiu c--c-lu’ and c-ca-ic-nd s tca -tc HF c~’as i - - ~~cn inu-cc d wi th  a p d .c- c--I or:-ba- l a - ca - f :’
an -i F at om :occ-c -~nt : ’a~- j -ccr~ v-as : ‘a l cu i at~ d On - urn km-ow:: cross :--cct iom ,c- for  pho to —
c- icc sQoIlt ic-a. TLc- t- -opc - c’al b’—ha’ j:- cc:’ lasir~o a- a - - a - rn indiu-i-i cal l ines :‘,‘a-m a

~-H,s’c-1 F_ -H.- laa- - r mnjeiat--d bu’ c - : c l - c - c.s-:ci cc-by baa- b- -- --n ‘ na -ct-ct oy

15. ::1-dc-~c- L.c- . II . ~~~., :~. :-;r j l,cca- i , and ~~ . Pa-yl- - Ncc -.21- .c ’ - - - “ Tic-c - —1 .
‘c-f cc R~l c -  ‘1 H-~— ?-  Lace :’ w i u h  lA- l1~ D~ f ine-i Ini j al  ‘c-:— 

-J. c- f ~rol. P~ :::.. Y, 12 , 0-- :- mb-c c- 1- 7c- .

16. Ea,n~~’c - , ::. 1. .  c ,~ Kiu lccc -c - c- , H. ?. H-ac~ in . c .  I. -kl.- :itic:, -a- . C. J~’cc. 
cc-a-u 2. C-. L. cc ? ‘ -..  ‘7hrt-e2oa 5p~- -cr- c-.’: c- a 2h---rni:al 13.:i a-’ ‘(c--
H. — F, :ih-n-., - -

,
“ ,1 T? L.--”. c- . °~‘5,  11cc) .

——-—- -----. --r~~~~
_
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TABLE 7 DATA FROM GAIC- I’~ ASUPE~~NTS

I. Line Variation (Mixture 0.2112 l.0F2 98.8Ar)

Gain Pulse Gain Pulse
Code Line s/cm Energy Code Line Energy

1P2 1.22 .153 Ql 127 .39 .16
M3 .98 .137 Q3 .39 .15

.90 .115 Q2 .11 .12
Ml .86 .10

N5 2P3 1.3 .19
Ll 123 1.35 .17 1.2 .13
12 .79 .15 N3 1.3 .19
13 .78 .13 1.1 .10

Ni 1.0 .09
1.49 .165

HI 1.01 .12 2Pti- 1.09 .16
Hi .76 .10 .66 .12

.82 .10
01 2P5 .80 .19

Il 126 .80 .16 02 .1.i 8 .11
12 .54 .14
1; .55 .12 P3 2P6 .80 .19

P1 .49 .1—~
127 .39 .16 P2 .12

Jl
J3 .26 .11

II. Mixture Variation (Line lP4)
Gain Pulse Ga in Puls e

~iixture ;~/ -:m Ener~~,’ Code Mixture -~:/:m Ern er y

5i c.2H2 122 98.8Ar 1.49 .165 S2 .5H2 122 9@.5Ar 2.32 .15
:-i2 1.01 .12 31 1.40. .12
HI .76 .10

.82 .l~.2 T3 EL-a- 0.5F’ 98.5Ar .15 .lc-
Ti .14 .i~~

RI. .;Hc- .5F . 99Ar .94 .15 .09 .080
201 •~ L~ .11

01 L~l1 97Ac’ nc--c- c-aim ,
:‘ea.c tj a - n  :ccn cr:- I ~$a - 4
abs c-rp~’ ia-n -c-f
2. 1c lii,--
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c gov ‘, F e f .  17). The laser was f o un d  to emit on transitions v = 5
3 , 3 2 , 2 1, ano detailed graphs of i n t e n si ty  of each lne ‘tersus

tine were determ ined . Pul sed iasin~ from the F~—~~ chain reacti:n was also
reported by Suchard (Pef. ~3) using flash1ar~p initiation aol w i t h  t ime
r sol v ed spectroscopy . Lasing from transition ‘op to v = c—5 was observet

a hign “
~~~
“ optical  cavity  with 10 percent ootput  c o up l in g .  :~

ear l i e r  study , .3ucoard ~. R e f .  19) concluded that only ‘
~~ 7 percent  of the

total laser radia t ion  is on transitions above v ( l — 3 ) .

A schematic of the laser configuration is shown in F igure  -~0. Fre—
mixed gases continuously flow through a gain cell made from ? e l — F  wito
dimensions of length 61 cm and diameter 12 cm. The laser cavity was formed
wi th  a flat  total re flec to r  and a 13 meter raOius 92 percent r e fle c t o r
separated by 96 cm. The second surface of toe part ial ly t r a n s mit t i ng  mirror
was AR coated for  2 . ’ microns .  The pulse was in jec ted  in to  the laser
c av i t y  by r e flec t ion  from a sapphire f la t  coated to r e flec t  2 po la rized  3-. l
raliation and t r an smi t  P polarized 2 .7  micron radiat ion.

?w~ sets of laser tests were run . For toe first set , the ortical con—
p onent s  shown in Fig’ir e -.0 were used. Sapphire windows helo at 91 to the

F laser axis were at tached to the ends ‘tf the gai n ce l l .  In i tia l ly , sapphire
w in dows AR coa ted  w i t h  :lgl were used , but the coatir .~ qu ickly  degrade’i anc
optical losses bec~ ce unaccertacle. Sapphire windows h eld at Erewsoer ’s
an - Ic wer ~ aLso t r i ed  in an a t tempt  to cut optical losses. ~owever , t h i s
arranccment re~ ected about 50 percen t  of the  doubled ruby r ad i a t i on  even

t he  p o l a r iz a t i o n  of t h i s  beam was or iented for  optimum passage by toe
wi:. cow . A cermanium f l a t  at Lrew ster ’ s angle was p1~aoe’i betw een the  :ell and
t oe t : t a~~ y r e f l e c t i n g  mirror to r e f l e c t  3~~~l.-. rad ia t ion  f rom the o p t i c a l  t r a in
ar.c prevent  feedback to the F A  crystal  with possible  crysta l  iamaoe . R a d ia—

f:cm a ow orobe laser was used to ali~ n the ont i ca l  comoonento :101
roeac’ire ~: cv~~:ua, losses.  Values f un-1 w e r e :  3b7lA r ef ~ ector  — 5 p e rc e nt ,
gas :ell — -. cercent , german i um f l a t  — lo percent , trao3r ::itting m i r r o r  —

S oer :ent. The o p tic a l  c o mp o n e n t s  were fu r the r  ali~ ne I f-o r peak l:~cer
by f owing  a SF — -i m i x tu r e  tnro1c~~n the cell  and by r e t e t i t i v e~ y

0

l~~. l o l - ; c v— l a v e l ’ ev , . -1. , 1. F. Thar cv , -~~~~ . 2. ~e,ca n cv , a o l  . •~~.

“V ib r a t i  oa~ — P~ t at i o o a l  t r an s i t i o n s  in 
~~~~ 

“2 2  ~henioal  laser , ” ?

It . .. -~.:oari , . , “ .aslri g Prom toe bt~~er V i b c a t i o r . o~ levels ~: a F l a s h —

~~—F Laser ,” .~~~~~~ Phyc.  l e ct . ,  1: , 2 , 15 Tal y - “3.

.2 .cr .ar’d , 2 .  ~~~. , R. V . ;r :cs aol r .  . Vkitotor , “ l i re  Pes ’:~ ve
tr ’ s :cty of an n i t i a t~ . H2—Y 2 lao er ,

’ kool. Fly ;. Lstt . , ., ‘. 1,





ou l sing  the  n ix t or e  with  an e_e trioal iis’harre to achieve rap i I ~aser
o s i ng .  T~ic p ins  were inse r ted  in the Kel — F ’ t ube as ~ot ro

Measuren ent s were made of relative i n t e n s i t ie s  of th e t o ta_  pulse of
aser r ao i a ti o n  and of each spectral component u s ing  gas mix tu res  ou n —

ta m ing a)  3 .2  torr H ,, 1.0 t crr  F
2 , 9~ .5 t c rr  Ar ;  b )  3 .5  torr  H , l.

F , 9~ .5 to r r  Ar; ( c )  1.0 torr  H
2

, .5 t or r  F0 , 95 .5  t : r r  Ar; ( i )  0 .5
t :r r  H~~, 0.5  torr F 2 ,  99 t o rr  Ar. —

An In~ b detector  moni tored  the total  pu_ se  and a AuGe (77 °
~:) t etector

was used at the output  of a Jarrell  Asr. 1/2 meter  spe ot r ome te r  f o r  me asur ing
spectral components.  The detector  signals were displayed and photo~ rarhe d
as osci l lo sco re  traces . Examples of such traces are sho~m in Figur e ~l.
Tata for the f i r s t  set of laser tests are liste’i in Table ~~~- A. The most
energetic lasing at 2.5 microns was obtained with a ras ni :•:tor e of 1.5 t crr
: , 1.0 torr F~ and 9~ .5 tcrr Ar which is the  same compc :i t ion  onat e x n i b i t -~~
t~ e argest ga~n (see Table T’). Lasing was not observed on transitIons
nioher than v~ 2 — l )  in any tests of this set. :t not surp r i s i n~ that ni :he r
t r an s i t i ons  were not observe i cons ioer ing  tn a t  for  a gai n len~ tL of ~ l
toe gain for in d i v i d u al  lines varied from about 63 p e r o e n t  ~er pa.~ i:Wnwar i
ar.o o~ t i ca l  losses in the cav i ty  were 53 p e ro e nt .

For the second  set of laser tes ts  the germanium f l a t  was remov e on :  t he
?C~ sapphire w in dows  were replaced wi th  3aF~ w indows . lp t I ~~a i losses  wi t : .
t n i s  c on f i gu r a t i o n  were: i’.Tl~ r e f l e c t o r  —~ 5 percent , gas ce ll  — 13
t r an sm i tt i n ;  m i r ro r  — S ocr oen t  for a t o ta _ of 6 n e r c e n t .  A L C~~~O

d iv er t e :  10 pe r cen t  of the  i n put  3l~~I.~ r a i i at i c n  t o  an enerry ne:er
toe d i s s o c i a t i o n .  w i t h  r emova l  of toe cer m an ium f~ at a:’or :•~im ot e l y
toe I :rmer &ncuot 2 :  r a st a t l or .  traverses toe ~-a~ n :e__ . as~ r pu _ se
ener ;v at 2 .  5 ni :ron o was measure  ana values ~~~~~~~ :~ ~n in
of 1. CI t o  0 .332  S a c  toe i cuc le r .  ruby p i_ s e  var1e~ :~::m l . to 1._ 5

aser l ines  On ot  were : rSer ’JC : w i t h  the  se::od :nf L~u rat ion  or - ~ l i s t e
ab le  o—3 a~ ::~z with re~ ative values  for  the stren~ th of ea: n line. :0 : 2 0 —

trast to toe first tests , laser oscillation was observed on t r o n s i t i : ns
I— I) to vL— ~~) with a major part of the -~oer~ y a o ccu n t e :  for by a few

aPp ea rs f r  ~m t : I C S C  resslts t O at  ‘is i it i  ona .  lines , I:. -

t o :e u f ‘;(~ — 5 ) ,  ~~~:~ o ’i:s~ ne o~ serveI i:’ ::c r-~ ene:r .’ in t he I~~~: e ~ r o y
t u . :e were aval l u .  - 
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TABlE 8. PUI2~~ L~ SER ~~ST DATA

A . Tests with ue:’mar~ium Mirror

Pulse Relative
Code Energy Line Observed Signal Stren th

Laser Run #1 Mix .5 torr H2, 1.0 torr F2, 98.5 torr Ar

AA .071 1pL4. * 1.9

BB * 6.L~
CC .075 1P2

DD .070 1P5

EE .077 1P6

FF1 .168 2P3 * 5.0

F~’2 .07 5 2P3 * 6.5

1’G 2PL~ ‘
~ 3.0

.075 2P5

II .C’OS 2F~
JJ .c~Bo 2F~

.075 2P2

Lo~ er Hs. ~-2 ~:ix l.o torr 3~~, .5 torr F2, 98.5 torr Ar

.0” 1P3

2E1 .C7~9 1P4

CC1 .OTo 2F3 1.5

DD1 .G80 2P14

Eli .076 1P3 .9

Laser Run ~3 Mix .5 oor’ r F~~, .5 tsr:’ F5, )9 torr Ar

AA2 .083 1P3 .7

.077 1P3

LP-

C-’
5- ”

.—•. ~~- — - --—~~~.
-. —~~ - —5-.;. - - . • • ,.~~~~~~ ~~~‘ 4 . . .  ~~~~ ‘ ~~~•• • • ‘ — ~~~~~ ‘ ‘  -— ‘ ‘  —



TABLE 8. PUlSED LASER ~~ST DATA ( con~r ‘D)

Pulse Felani’,e
Code Energy Line Observed Signal Strengt h

Laser Run ~~ Mix .2 torr H2, 1.C torr F2, ~r. 8 torr Ar

AA” .075 1P3 * 2.0

5B3 .C77 1P2

CC3 .086 1PL~. * 1.75

DD3 .075 1P5

EE3 .o7Z~. 2P3 *

FF3 .075 2P!~ 1.25

0G3 .077 2P5

E-E-13 .075 1P2

.072 3-2 pL~

BB4 .079 3-2 P3

ccl .082 3-2 P5

DD~ .078 3-2 P8

~-3 PL~

•Q7L~. !~,..3 p.~Z

Laser Run #5 1ix .5 torr  i-i- , ,  1 torr F2 , 96.5 toor Ar

.07 lPL~ * .50

1P5 3-2

LA3 .c6~
.162 P3(3—2)

.~ t6

• LL.4 . PLi. (~~_ 3 )

.1~~ P5(4-3)

• P3

_ _ _‘_ ______
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TABLE 8. PULSED LASER TEST DATA (co i~iT t D )

Pulse Relative
Code Energy Line Observed Signal Strength

I
~9 .365 P3(2-i)

LA1C .065 P3(2-i)  * 75

.067 P3(2-1)

LAJ2 .c~ pL~(2..l) *

LA13 .068 P5(2-i)

LAlL~ .065 P5(2-i ) *

LA15 .068 P6(2-i)

LA16 .065 P7(2-i)

LA17 .063 P3(1-0)

LAL8 .06 F!4 .( l_ o )

.o6 pL4(2 1) * .35
L.~2C .c6 P4(1-c) * .82

~~2l .-k- PL~(i_0) * 1.5

LA22 . ‘
~ P5( 1-0)

P. Tests wi thout  German ium Mirror

Gas Mixture 1.5 torr li.,, 1.0 torr Pt- , 98.5 torr  Ar

Pulse
Energy
( Joules) Line Signal Strenc’t b

‘i( 1-0)

0.1° —30

0.10’ 500

AS 0.15 P5

0.15 F’: 20

- • - - - - . • —: •~~~~~~~~~ ‘ ‘~~‘- - 1’~~ ’ .-‘ — -  - -  
~~~:~~~~~

‘
~~~~~~~~~
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TABLE 8. PULSED LASER TEST DATA ( conT ‘D)

Energy
Code (Joules) Line Signal Strength

0.18 P7 40

A6 0.20 P8 2

A7 0.21 P9 1

v( 2-1)

31 0.20 P4 1.0

32 0.24 P5 0.7

33 0.20 P6 2.0

34 0.20 P7 1.5

v(3-2 )

Cl 0.19 P5 0.5

C2 o.i8 P6 0.3

03 0.~l2 P-I

.
~~~~3)

Di 0.22 P2 3.15

D2 0.27 P3 0.1

D3 0.24 P4 0.05

DL~ c.18 P5

El 0 . 2)  P2 1.01

3.12 P4

• EL. 0 .21  P~

‘I

•1 ~~~~~ 
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TABlE 8. PUlSED LASER TEST DATA ( cor~~’D)

Pulse
Ener~~r

Code LJoule~~ Line Signal Strength

v( 6-5)

Fl 0.20

P-S 0.18 P3

F3 0.20 P4

0.22 P5

P5 0.19 P6

Sb

-~4 5,- - - “Y~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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OECTION 17. DATA AHALYS I3

As j ata f rom the  flow tub e and pulsed-f luorescence exoerimer.ts became
a’:ailaul-s . an -2ng3i:,~ analysis effort was performed. The purpose was to
o : t ain  the :ec- s e l f - consi s t en t  set of kinet ic  rate c o e f f i c i e n t s  t:’.at woul d
fit the r esu lt s  from :otb exDerimenos. f t-co  a rate pac oage vo Id toen nave
apDiicat ior .  in rr edicting and opt imizing the performance of cnain-react  ion
(an d also coi l -react ion ) ~-G’ chemical lasers. I he resu l t s  of this  arial”sub
are given e~~oW .

Che~j ca1 Heact ionc

-,t one start of th is  contractual  effor t  an extensive parameter study was
rer f :rmed to ident i fy  the  major problem areas related to predict ing nerfor-
mance of -

~~~
‘ chain reaction lasers. t was concluded that among the Dccsi ’cie

react ion mechanisms , the key uncertainties were in the foi~•:ard rates of the
Dumping reactions (F H~ — H2’ — + :-~ , H + F2 — -

~~~~~ + F’). ulco of possible
imPor t ance were wall interactions (at least in the  envisioned experim en t s)
and back cold. reaction ~~F (v  ~ 3) + H — 02 ‘r F ) .  Other reaction mechan-

- recombioa :ion , chain oranchin O . hot atom ef fec ts  - were foun d, to be of
c-sc :ndar’,- imnortance. Furthermore , s och effects coul d not be easily iden-

in toe availa:ie exoeriments.

a, —~~: from —e ~ coer~, e c ~~~a~~~~-o con- radac-ed ~e orel u’_ ar
co:,cThsiooc .  While it is possiul-s tnat  hot atom e f f e c t s  mi:ht in f luence the
p ,l sed-f loor escen ce  exnerimer ,ts , it appears toat the  :-asic ho: and cull reac-
t ion  mechanism is ~redsmlnant .  fome weak evidence of Thf1 ,enoe f rom one back .
o t l i .  reac tior~ is present . however , and ( f o r  :oe.:e ex~erimer.ns at least ’ it
see::: toe inf luence of toe  t es t  cell walls cannot h e  com~~ e - u l~~~’l- n or e i .

,Tha1 ’si: of the flow tu:e data was f ir s t  aimed, at the eval at icn of the
:.Ct r eac t ion  rate :sef:’icle:t. woich it was t.oo~;ht mi. ”u~~ ’ce  slower t a o
orovi : :l~ r e r s rt ed  (see .~pcendix A for a deccr ip~ ion of t h e  in i t ia l  rat s
p as.-:aoe ’ . b oo- t e s t  c on d i t i on s  were considered vi to ‘,m.r’-inz orc0000is : : :  of
F, 2o1 02 ‘

~~~~
-
~~~~ able 9). The c-.orre:ocr:ii:u: bF product -ic ::  is shown in

Fi u’e 02.

o S  ,12 OiCO ca:~ : .-
~ rat-s -det ’~rmin i:: : s~~-so is ‘he  ho t  reac -i:n . bus

anul-~~i: or u d i ct  ions :f t n u  pr - :-i oc t ion  of 2? f- or  soc . cases uill be mc:
to to~ ‘ra1o~e t-s~~d for  0 .-s ,o — c u a c t i u n  o’a e f0 i c i c :,t .  f cos

- - , , — ‘CI - - 
- ‘  • $•5 - - ‘ ‘‘ - - ‘ ‘  - — ‘  - — —



Tul lE 5. lEITLIL 002117130W

Flow l obe 31m-:luti-on

Velocity = it-ICC on1 sec
Pressure = 20 Torr

Soc d e s  Concentrations:

fuse

1 0.3001 0.3-0435 0.00055 0.55- 5

2 0.0001 0.00245 0.000775 O.59’:75

0.DC-0l 0.20095 0.00155

- - , . . , 0.00025 O.0C3 10 1.

5 0.000 1 30CC172 o.&Cc3B 0.55731

6 0.00026 0- .0Cu 59 o.coo88 0 .59527

-- - ‘  ~~~‘ - -. - — : ? . -~~ .
- 

~~~~~~~~~ 
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*
u:ao u’a30, - o’ac 30o: .:u’,n th~ bu-:: s ’ l i  :oso:Thn use :,imp r’ a,t . a
orelicoina:’ cub’s for  the hot  reac ti ra te  coefficient can be oo-oaine~ ho.
meacurin .: ~~~~~~~~ f o r  t oe 02 ricn case: ~; ann -

~
) -and nob : t:-ae formula (o- ~e

a ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~

ar2roa:: : .  0:0-s o-al’:e for toe :-~ot re-act ion rate co ef f I c i e n t  is found to he
ao—ro: ’i’oat ’sl; one half  tb -c  ccmmon l:  ac- :eot sd  val’oo- of A lhr i Tht  (i1ef. 20)

— ( ‘  -5 0 — -—~~~~~~~ , ‘ - .  —00 . :. ~~., .~~. 
:-: —-- ,:b,_ - i ,

Ike  c a:i-e:,e-dimen:io::al -ooooD: :t- ~’r c-ode 02E -730 was then used ~c -s:t ‘ ‘s
‘,ra i i d i t ’-  of sucn a rate. To accost-: t’or two dimensional oo-ondary layer e f f ec t :
a co r rec t ion  fac to r  is em~ lsyed in the calcolatict- . This is described in
detail  in Ap~ endix -3. I nit ia l  condit ions for the  cu lcu la t i :ns  are gi-ren in

A comoarison of the md cl calculations (Fit F) ,r.th the exoer imental
cesults are shown in Figure: 43 through 46. it can be seen that  the oomoarioor.
is reasonable for the olo ri ch cases (lor .dit iori s 3 and 4 ) ,  hut for the F~ rich casso
f:o i,iti:no I and 2). the predicted, increase of HF’ v ito  listance fan: - ‘slow

-~xp-~rimen tai c u - -ce:. ~~~~~ of the nominal  value f o r  the hot reac t ion  r a t e
:o’sffi :i-~o: imor ove: the  agreement f-o r C :nd,i : ion : I and , 2 at one exzem:-s of

:0:’ Ion i tt :C ns  ana ~~.

‘out i:. all oases toe -~xperTh’sn0ai :usoo’e: :‘ar off
tn ’s  no-id , drawing the  c’orvec through the  exPerimental  P o i n t s ,  it

that  at the :tart of the flow tot e ( i . e . ,  X C~ to. ’srC is no H? . The
in tb-s ‘:icinit7 of I = 0 , ocwe’rer , is -Toite ccm~li:ats-l ; r-~:i rouLat ion

ouco a case it ,~o30 d t ’ s  more aoor :- oriat e to  :oc oh-s

n , ’ai r t h at = fa t E -J v-ore rc-oax~~c it 1: ~~e
able to  -sxt :’a:-:lat-s toe ~xp ’srim-cr.tal curve: bach to nonzero ir,Itial val :es.
This is ilTh~~trate’i by the dashed lines on Fioure 42. A comParison of th ese
modified cocces with the model is shown in Floures 47 through 50. The in it i u l
concentratitno for the calculations are taken CIA.al to the extracolated caIne:
:b”co the ex: :--id:t .sntul ct-c r-co .

c omp are con:iderahl ’ b et t e r  - nan cO-sn ocr.: in i t i a l  -ral es are ass-soul.
t o  :re , : t fit  is f~ r r on c o nd it i o n  t- . This noicot imdica’- e ‘na- a ‘:aI’-e for

t o e  ;‘ r : a o w i :; ,  ra’ e ‘~ r- ’~ -‘a30-~r :oa:. 1-2 .1, rio-n ’s u1,e I: -:o’:r -ol ’ iao ’ .

~~ ori -ot , .~~~., st al. “ : - : a so — I : -.e-so: ’oo -soric t’; C~~ ..n t~~O :i

°onc t ant z  for 2—~~torn Th-c o t b :: : w i th  311 and r- ~ . C’. 30cc. - . , 
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On the other hand a better matco. might also be achieved if the true initial
1? concentration were smaller than assumed. While it a~pears plausible f ro m
t he  a~ove result that  some HF is present initially,  in the absence of any
measurements at X = 0 it cannot be conclusively proven.

An alternative explanation to the experimental results might be that, the
steep initial slopes do indeed represent faster  rates for the hot and/or cold
reaction:, and the shallower slopes later on result from wall interactions
( in  particular the loss of H or F atcms).  Support for such an approach is
provided by the pulsed-fluorescence experiments , which indicated faster rate
coefficients for both the hot and cold reactions. (This will be describ ed
i:, more detail below.)

The rates that apparent ly fit the pulsed experiments ‘cc:: are :

= 2 .0 x nominal

= 1.3 x nominal

These rates were used in a flow tube calculation in which it was further
assumed toat all H atoms colliding with the wall were lost ( to  later recom-
b ine to form Ho). This H-atom loss was accounted for approximately , baser
:pcr, estimates arising from an analysis described in Appendix 2. The loss
of H ato ms was expressed as

-
~~~~ = - ~~~~~‘ “ st

- “-walls -

with 3 = i~- 6.  This  cal -se was co ta ined  from a f i t  of t:te curve in Figure Dl.
over the time scale of the experiment .

A comparison of this set of rates (Fit P2) is also shown in Figures ~o3 through Lo.
~~: can be seen , even ‘4th the inclus ion of Isot ent ial  H-at om loss such a set
of rate :  ocerpredicts toe HF population for 3onditions 2 through in all but the
in i t ia l  por t ion :  -of toe flow tub e .

The final comparison made is for a fit intended to give good gene ral
agreement in escosriment:. Ike rate: emplo::e-oi for the hot and cold rca-c-

are

k 1.5 x nominal
c

= 0 .5  x nominal

-e

— r— ’— ’ w ’ - - , - -  —‘ — - 
- ,- - ‘ - -

‘ ‘. 
_. . . - ‘. - ‘ - ‘ -. - — .  ‘ — — ‘“ 0’ -



~gain the loss of H-atoms ~o the walls was assumed.’ The result: of the
comparison are shown in Figures 143 through 146 as f i t  01. ‘,‘~

‘e see that such a fit
matches the data reasonably well although the slope of the curves is a bit
too shallow at first and too steep later on. Use of such rates in a comparison
as:-s~in~ finite initial HF concentrations is shown in Fi.gore : 147 through 50. The
f i t  is a bit poorer and tends in all cases to overestinate the HF oo~ulations.

Pulsed-Fluorescence

These experiments were rim for six different sets of conditio:os , which
are outlined in Table 10. The t ime history of the production of ~

-
~~
‘ I:

available from oscilloscope traces of the absorption of a(v=l) ~ (v=0 ) ow
laser bea~i.-’- Attempt s to f i t  the data using the nominal (i~orcarm ) val ue
( H e f .  21) for the cold reaction rate coefficient and half the nominal value
(Ref .  20. Albright ) for the hot reactior. rate coeff icient  as had been done
f-c r the f’ow tub e met with no success . The predicted temporal development
of HF fell below the measured values in virtually all cases. The general
indication was that faster hot and cold reaction rat e coe f f i c i en t s  woul d be
required to f i t  the major i ty  of the data .

:n an attempt to facilitate the analysis of the data from each test
ser ies , composite plots were made up employing a time normalized to the
pulse onerg~-’ (i.e., t = t x E0). The rationale behind this is that for a
c-oasi-steado-’-.:tate situation in the absence of any loss mechanism : all the
cases would fall along the sarn~ “orve.

Tsr.sider the eauat ion

(3~

dt ‘
~~~ 

ron
2 + khn F2

and also

— C °  (I ,
— — \

_

‘0 P

- :h~ : had an e f f e c t  ran:ing from 0 to  25 n ercent  
-

For the co n d it i on :  of these  t e s t s  the corotrib-utior, f rom upper level: to
to’S t- : tal  HF p-o~ u la tion  ra~ i-dly becomes -:eolo~~i~- le.

Tl. Hona::::, T. H. , et ‘~l., “ Hine Hethode 0-oc In:o sn nm. con O’~ :osstoro b
in nerten Atmo:nh~.re,

’ Ocr. Ounce. I. Thy:, ‘.~~m. , T~~, 5:5. l ’ T .

100

- - - —--- -. ,--- --—---- ‘ -  ‘_-5
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TABLE 10. INITIAL CONDITIONS

Pulsed Fluorescence Simulation

Pressure = 100 Torr

Species Concentrations:

Species XF2 
X~~ X~ .

A .009)+ . .0102 .98014

B .0102 .0222 .9676

C .0099 .0055 .98146

D .0049 .0055 .9896

.00149 .0102 .98149

F .0101 .00214 .9875

‘-5 -1
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= 

2c k~ kh °F2 0 2  ( 5 )
dt kc nH2~~~~ h n F 2

Here the right hand side is not explicitly dependent on pulse enero:’. The

presence of heat t ransfer effects , which will be different for different pulse
energies. and of wall interaction ef fec t :  will cause some deviation in the
curves from case to case. However, it is not unreasonable to ex-oect all the
results  from a given series to start off with essentiall the same slope:, with
the higher energy cases being perhaps slightly steeper.

The resulting composite plots are shown in Figures 51 through 56. The results for
series A , 0, and C show relatively little scatter near t = 0, although it is
difficult to find any correlation between initial slope and the pulse energy .
Teries I also gives relatively consistent results with the possible exception
of DH5 and The. On the other hand , the series 2 and F results show consider-
able scatter. As a consequence, the result: from series A. 3, and C have
been weighted most heavily and those of H and F least heavily in attempting to
find a zood overall fit to the data.

A -ocmciioat icr .  that renders -lata in terpre ta t ion difficult :‘or one oulsed
fluorescence ex~eriments is the apparent adsortt icn of HF on the tes t  ccl~
wails .  It is noscilcie to observe the fail off of HF number density i n  the
latter stages of many test :.  Also , the maximum number  ~en: i ty  croduced in
any ~iven test  tends to fall below the expected m~~-:imum based or, the initial
concentra t ions  of H2 and F2 . Furthermore , there is a corrulation between
Tn -The ener~~r of a given test and the maximum HF produced (Fi:u,res 57 tbroow-h 6 2 ) ,  It
can be seen that  ho:o:er pulse er,ergoes (correspondirn- to hi to i:oitIul T—atom
con cent ra t ion:  and t ’a:ter re-actions ) result in hign HF c o n ce nt r a t i on s . S ock
a behavior would occur if there were comc e t i tThn  between the ;-raul: and the
chemical reac t ions . Final ly ,  an analys Lo to es t imate  the  wors t  ~-os.:i::le To::
of HF to the walls (,-~ccendix D) shows that the amounts that migot be lost
to the wall: are not unreasonable. As a result of tAos-s corn’id--ration: a
simple model including the 1055 of HF to the wall w-a~: used to fTh’: t tr-.’ t o f i t
some of the  -o:~~erimental  Sata. It was -aco-moed tha t the n i :or - - tb o n  of AT o:o
the wal l: was oronor t i onul  to the rooTs a’railaoie on t°e ‘- -raTTh . (I —
;-rhe se n~~~T - ,1 Is the ea-~Lcal-snt :1 0:: or  d o c s i t -j  -of ~~~ wire-s ly on t o o  w~~u l ’
:~vv !‘~A’r is the maximum alLowed. The acnor ’:t ion i: als o taken to cc poorer—
tThnai, to the :~ -i’raila:-lo in t O- s -a: Thus-s or~- - 

t Heo’. ~o) “ -re ‘ ‘-~
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I n~~1Iw
= - K~\ n

~p lg 1(l - ~~~~~~~~ 
( 6)

Ph-s overall production of HF is approximated by the st-~ady s ta te  formula

= 
2(nF)0 

~F’2 
nH2 

kh k0 
-nlHFlchem — 7)

khnF2 
÷ 

~C nH2

anT tA-s net -change of HF in the :as chase is to:on

= 
HFLhem 

+ 

~HF~~ 
( 3 )

A :imThe iroteoratton of the above equations for several exterimerital -con -Lit T on :
was performed to see if one set of rate parameter : coul d be used to reasonably
fit a nomber of cases (A6 -~ , 33-5, C6-9, DH 1-2). A reasonable f i t  was obtained
for the following set of coefficient values;

l.~ x nominal

kc = 2.0 x nominal

k = 200 sec~~’w -
= l.~ X 10

Th 
cm 2

hoe results of this exercise are given in the contract test report -~Tef.
— 3 ) .  One probi-sm with this fit to  the data was that the e~~~erimental curve:
tend to cerod over more gradually than the model predicts as the reaction
::-~ars completion. A possib le e~~~lanation for such behavior coul d be the loss
of H atoms to the wall . An examination of that possibility Apper dlx D) has
indicated a roterotially significant e f fec t .  Hence the mode was modified to
account for the loss of H atoms in a manner as described in App endix S (see
iq. 317). However , the form of k0 is taken to be

- - 
_~~~ m-l

I
’

—’

Since we ma - - etter fit the  anal-rt ic c urve 1Appendix D, F’Loure ~2)  fo r  the loss
H a t o m : t:- the form

_~~ ma., = a,. e
- ‘  ,1o

c omrlete 1::: of H atom: one c c e ff i c -ien’-: A and m would nave the  val ,e:
°.~~2 and 0.60: respectivel :.

n - - c , L. R. , - - t  a l. , ‘ Lur i ~r—R a : i ~:~ Chain Las -- :’ A t  ,-T i -  I~~~t A- r ~~
~hr  Air  Foro’~ Contrac t ~~ h j—7~ - C— - 1~~~, tJTPC FT’;_ ~-h I H_,, 0 ,

da:’t :’u:’d, CT , 0ctub~-c l7’~.

11~

, —  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
‘ ‘ ‘ “‘ ‘

~~~~~~~
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The monifiTh model was troen u:-eu in extensive compari :cn.: with -~xLerimero t.
Thing the composite plots (Figs . 5 1—5 6) for guidance. representa t ive  case:
from each test  series were selected for analysis.  These cases are l isted in
:able 11 along with the initial conditions used. The values selected for

are designed to result in a final FtP number dens i ty  near that observed
experimentally. The rationale is that the wall may be saturated with HF to
d i f f e r e n t  d~~ reos from test  to test .

Tone of the results of the analysis are summarized in FiLures 63 throuCh 7L~, The
curve: labeled Fi~ F is for a f it  tha~ rave the  best os-erall f i t  to ~he
d if fe r e n~ est series. The values for the  various ra te  co e ff ic i er , s are:

1.3 x nominal
k = 2 . 0  x :oorr ,inal

C
= 100 sec

= 1.5 x l0~~ cms

A r  3.0
m = o.6o8

The value of 3.~ fcr A i~m1ies an H atom adsoi~~~ion accon’mcda-icn cceffi-
cie rot of about 0.5.  I’ is possible to ju ggle i-he values of all The wall
in~ erac 1’ion parameters ~c obtain somewhat better fi~ s but ftr ~her eff cr~ was
nc~ Teemed worthwhile .

As can be seen from the curves , the f i t  is bes~ for series A , B , ani  0.
This  is by desL~n since it is fel~ tha~ ~hcse are the most reliable -i -a~ a.
The rela I ively fa:~ ra~ e fc r  4-h e cold reac tion  is dictated primarily by the
ini 1’ ial slcre from series C , wher eas the scmew ha~ fast hot reac - ion rate was
indica-ed by series A and B for which the hot reaction is The rate ccr~~rciling
:~ er. ho~ e tha even w i t h  ‘-he inclusion of H atom e ff e cf s  it was no ’- rcs:ib-le
1’c mathh the oh:er-’red, bendins~ over of t he series C curves . ~-toch fa:~ er than
rea:or.able wall in~erac

t ion and chemical ra~’es would be necessary to trcvide
a be~~er fi~ ; and ~ha~ would he a~ the exoense of rood fi~ s for series A and

Further ac~ -c ‘-na~ a win~le se~ of ra~ -ss could nc~ really fi~ all ~~oe
s-~rTh- simu2± anecuslt-. The ~re-iic~~ions for seri~ss P fall ccns i : ’enu ly
b e low ‘h~ m-e~- L-’-sro al curves. This is even s-ore drama’ i:ailt- ’-rue Ccc
s~rie: 5. Cm The other hand , ‘hos-s same ra’-e: oredi-et o’ir’:e: well above
‘ h~ ~easurod c’orye: for serb : F.

The i’sCl’oo-oce of ‘e’r -?rSe b-sr’i-:al reac4’ ions mi ‘h- b~ in-.a~~-~-~ a: an

~:m’lana ’ Ic-’. c~’ Thi s  beha ’rior , by 4 in ’~1’c:icr, (00 -curb -~fC-sc’- .- only rh c - -r - --d a
ro ar infl’r-snc-~ f-or ,inroa:rnablo- Ca:

4- ra4 s: (~ r-s’~~-~r 4-han a: 0- i-~ ~~ an~
- -r - ’:Th ‘--ml - “s - -r ‘- -r- - - -~ “— ‘- -s~ ~s

- - - - . v~ _ , - .  . - - .  - - -——-_ . .- _-— 

~~~~~~
: ‘ -  -



TABLE 11. INITIAL CONDITIOnS - PUlSED FIIJOREy-7:y-F H-: :-~~- T .p

Case F F H HF HF2 2 g w

3.51 x 1o13 2.87 x io16 3.12 x 1016 0.3 x iobo 0.65 x
A7 2.33 2.67 2.92 0.7 1.0
AS 3.28 2.77 3.02 0.5 0.7
AlO 3.35 2.85 3.10 0.35 1.1
A15 3.16 2.85 3.10 0.35 1.5
B3 2.32 2.911 6.80 0.70 1.0
B1~ 11.66 2.99 6.35 0.60 1.2
B5 1.88 2.79 6.65 1.00 0.3
CE 3.38 3.173 1.77 0.0 1.25
C7 3.55 I I 1.0
03 5. 11.9 I 0.9
09 5.09 0.9
01-0. 2.66 1.58 1.77 0.0
DH2 2.511. I I 0.19
DH7 1.76 o.4
SF2 2.05 1.58 3.02 1.0
SF5 2.69 I I 1.32
SF6 2.35 1.5
P7 0 .35 3.25 0.76 1.0
FlO 6.21 1.3
Fil 6.o11. V V 1.1

1l’~
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in TI -ores t ior oc. C. 7~4 ar e -rur ’re: for tile same chemi cal rates -as
a~ cve , ho: ’ —~i’bc ’: ’- a n:,- wail eCfe-r’-: (Fl’ i) and the combin ed rate :  meant to
C l-  bc-h r u - :  of -~xrerim er,’: (Ti ’  c ) ,  also with no wall effec~ s. ‘iC see

the imi ia :lcmec for Ti ’ T1 still r i’re a reasonable f i t  ‘o the data,
by’ tha’ namurall ‘-he Ciral HF populations are hL~her than observed exoeri-
mem ’ailo- . It is ir~ ortan ’ ‘~0 mc’e ‘ha~ 2-he absence of the inc lus ion wall
eCCcUc c toes ‘so- ‘s-u~-es:arilo- Larly slower chemical rates.

~i1 --ur ’sa - i’re approach can also be used in intermretino- the mul :ed—

f1ucrese-~ace ~a’-a.  In u t ili s in :  The probe laser There is some problem
wi-h s’abili’y, bcth in mai n’ainin~ a constant input intensity and remaining
Cr. l ine cem ’er. Both the  imten c i ’ y and frequency can drift from n,.n to run ,
and iyrim~ the course of a run. Despi~e the care that was taken to minimize

‘hese e f fect s  it is oossible ‘hat they  have influenced the data int ermre ’at ica .

Coas t ler the following example . Two runs , Cli and 012, had the  same
mulse energy (0.l3 1~J) and su-opcsedly the  same ini’ial reactant concentrat ion: .
The curve s of number density calculated from the probe laser absorption
‘i-aces, however , are dramatically different. These are shown in FiTure 75.

C-ne mirh’  suppose ‘ha’ somehow the gas mixture changed and we are
a: uall-.- observing ~-wo diff-iren~ HF temporal histories. However, observat ion
of -he  measure-i ‘emperarure histories for the twc cases (Fig. 76) implies
‘ha’- we are actually observing ‘he same reaction. Furtherucre , noi~ ializat ion
of ‘he HF ‘-races ‘C uni*’,r (Fi~r. 77) yields essen cially the same curve to,
hc- ’h Cases.

u’hile ‘he abc’re ex-ammle is one of the  more dramatic case: , i’ lends
s’-rcrso :umpcrt ~o t h e  h”mo’he:is ha e much of ‘he ‘rariacion in final HF ccnoen—
ra’ b - u ‘ha ’ has beer. observed is a’-1-rihu’ahl- ‘o 1rif’in~ in the ow laser

Tomcebuea’ly, 1’ wa: -Ieclde-1 ‘o reamal:,-:-u ‘he Ja’a und-~r The a:SOLmD—
‘icr1 ‘ha’- mc HF was los’ ‘c the walls- -and tha1- all cases wI’- t~ t a oiven
ser ies  arc iu-u” i ‘h-u came u1 im,a’-~ i~ ’ coec -un ’ra ’icn , ma 1:,- ‘he max imum
allcwa~Th-e . . ’amm le— ’ of ‘he resul’- : of ‘-h e  anal--si: w i ’  h • he se  ad: u:’e-I HF
mcm’ula’ ic’s: are sho~ni in Fio-’sre: 1-3 throu~oh 139. I~-ro f i ts  are :ho~-m , TI and 0,
which -u’so’~ h~~- - - - - -i rr~’ricuslo- described . ::~‘I~ ‘ha4 now fi’ Ti sr-roar- -u . ’
w’— ll wi’h s~ rie.o F as well a: A , 3, and 0. The ‘srve: :‘cr Ci’ 0 ‘‘ad. ‘- c b e

:elcw the  da ’a , ‘h ou~ h m erha~s ‘ol-urat ly  so.

The match w i t h  s -u r i c :  P an-I S remains moor .  The -~x ’rirr’-o ’’sl e’~r’-’:
lie well above ‘he mre-iie’ei ~“irre:. The c-ic ‘hir -~ 

1 ha ’ hese :-~r ’i-u: bar -u
- .  ‘c ‘h’- e:’-’lu:ion cC -sll o h - - c - , ‘i ~~~~~~~ ‘C .‘c’.v h— -- ( l / i  ‘oc r

- ‘-a-- - -. ’  - - . - - ~~~~~~~~~~~~~~~~ ‘- - --- - -~~~ - —
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I - c r ~’’ . T : ’ ‘he ~a- a a r —  ‘-o -c ~u- ~l!-~-r~~i ‘hi: ± : - rD i - u  - a ‘sc’siinear
cf ‘h-s overall HF nrc i’::’- to’s rate on T,-~ co-uc -untraoicr,, in fact  less ‘h am

l inea r .  A --‘ o: umle ’elo- di :’C - ur en ’ :cae ’ion mechanism ‘ban ‘he yc-sal cr ,ain WC’:l I

b o~~’:-a-’ cr ‘ ar~ul~ , ~~~ ~1 be ala i-~ ~ ~r e  o an 1~~~i 1 C ~ 
r--

:cm e bra’schin~ or ho ’ a’cm effec’ ‘hat is less imnortan’ as i’: -:c-ncen’ra- ion
a: u.:

is mc’ r:c’t’h -“ i :-r:ue i’s ’h-u:e - u-roer: -uCot ’ c alone c s’rcnTho-
:ummcr ’ :‘ich mossib i l i ’ ie:, although i- is a s’ses~ ion ~ha~ zhcul i be

a d d r e s s e D  in ‘he fu’su’e. Fcr now we a~’e inclined to lack confi Denc e in

‘he s-erie:  P and S d-a’a.

The r”- es ind icated for ‘he pulsed fluorescence tes’s are hi~ her ‘bar,

ran be reazor1abl:, used, ‘-o fit- the flow ‘robe da ta. Thus it is instruct ive ‘c
‘o find a ra’iorial explanation for —ha’ finutio~: ‘has mi;-’h’ reconcile -he

l:,:’-~r that oerna:u: the initial F—anon concer,’:ranio:, is
in error. If i t were ‘mderest imated the res~~ tant analysis world ~~eiu rate:
that were too fast. Doe oo::ibil~ ty is that the ar o c ro t ion  co-’ffi : ient
‘so c--al-sate the n- ss:er of fThorine molecules d iscoc la ’s-u d  is in error. Th- re
is no r-ua:c:, to believe . howe-icr , that the l i ter a tur e  value ( R e f .  U ) ;-ro’jIi

e ci -mifioanth-~ in error .  To invoke a chain bran ch in ’  ‘-Ie-::anicm --ro -thd
re-u -sire rat-u soeff ic i ent :  many -order : of ma ini:ude ar~ er ‘s am so ‘e :t-ed FIT
S UI -ran al. (Re f .  Z~~) to nrolr ide even a n e rr e r ti b le  i iff-erence  in she

rei::n:on:. The remainir,:’ r-ea:orta:le exnlanatioc, is ‘she rossib iUt :.-
of ho’s atom effects.

-j’sè -hot-o n of Th71 ~, r aD i a t i o n  dissociate:  -a fluorine mol-usthe .
of the Thotori ener -’; is Lef t  o’rer to oo in’so ;ranclatio:u of tue

fUc rine  -i t on: . These Fb~’nlt’ -e rie r :eti atom: cccl: be ‘T ee’: -- - e f f I c I ent I:: 
urn  T5. The ar :e amount of -liltu -ent , on the co n-ur auh .

mc ~-~:cro -e tr,e;-u atoms -‘fore the:j -:oIli Ic o-ri th other  :‘l :oriu-u  mob-u -srI -:.
aie e~~ a e - - iate - C a I ‘c’ - —

I ,, a :sa n-u r  I l t o l :  Iemons ’ r-e t e  the rouaxlmuu-ol u o s s l F i- e  Iufb:er,se or, the u’ -:
I.: a:: roe : tua ’s onor, :i :scciation all tb -u cxc-::: one : t- I: tr - utuf-:rc- -I ‘s-s

-u ‘s: tb-u rI-u r n-: a ’ or~u (I. u . ualf of she inisltli’r Di,::’sciaoe a’ :-:
‘ho ’s .I oh a tr ’cr, . ;Lat : nab te:-n:r’es-ure c: 1500c °:- : - . in a -oolIth’ic-: -s:

~~ -r~ ’u ‘u s-us -:‘~-cs R-’ we -i ::--::’-: a -

fI,~ f ulIiv’tr,, J. H., ‘u’s al., “:- ecmamisr and ~~v’n: of Tn’ol-:u:iv-c I-huav’inr

:r. Foriro en—Floor i de  fyc tem_ :  , j. b aum. Thy: ., - I .  1T~J~, 1-

1 -i

- - ~~~ “ - ‘ — - - ‘  
- -



of DD:: o-: I ’tn -ru . The man iou im e-~~~~; that can ne transf urreo ‘so she int-c:’-~a
mcues of t..e Fo oseuo/(m F + “F2 )) Er = 2/ 1 ( 1~1~ .L~ r cal/mo~~u )  = 29.’: ~ca,iy moau .
This is some 1-:cal/mole below the dissociation energo,j- of F2 . Thus c~ r
a::’cinntion of a 50 percent probability per collision is not oc rea:onable
(and 11,-:eiy too :reat). In competition vith the dissociation collision:,
the hot atoms are also thermalized by collisions with other molecciec, ir,
nart icular the diluent . The loss rate of F* is taken to be ec’:al to ‘she
collision rate of the F~ divided by the average number of -collision: r-uiuire-I
to ‘shermalize the l5~’O0°K F atom. For He, seven collisions are rec-sired to
reduce a hot atom ’s ener~ ,r by 1/3, and for Ar three collisions are necessary.
F’l:orine atoms vith energies that low would be expected to have quite Uw
nrc- : a- illties of dissociatir.~ F9. To be somewhat more -:on::er’rative ice have
assumed ‘snat Lb collisions are necessary for He to th-ermallse h ot  F atvns .
ant five collisions are necessarj for Ar. A ca cu la t i c r,  was oer:oi~sed for the
ca:eO.2 tori’ H2, 1.0 torr F2, 50 torr He, with a rUse ener~y cf 0.1 ‘1. The
res-: t was an increase of II percent in the net number of aton~~, :~~-eldin~ an
e:’:i’ra±en’ increase in the ne’s L’-eac:ion rate.~ Subs’i-u ’- icn of Ar for the He
reduces this  effec ’- ‘o virluuafl:r negligible, which is ‘he arimary reason ‘-he
final tests were performed using Ar. Furthermore , ‘-he diluens aressure in ‘-he
final  ‘-ez ’s is nearly 100 torr, thus reducing this ho- atom effec’ still
fur-her. It is e~~ ected ‘hat the influence of hi~rnlv enerzesic F a’crns c-n
-he re:ul’: of -he final series of tes’s is at worst less than a few nerceui’.
F1ii’thermcre, any hot F atom effect- of t h i s  sor’ wcul l be ccr~ rar:r ‘-c ~he
-re’s-I ix~~lied by the D and S series.

He nce , in the absence of a good new model sha -  wculd r-e-iuce the sur ri:-

~‘ou’ly i’act ra’e coe f f i c ie:’s —De Duced , rio or,u se’ of ra’es can be fcu-ud ~o
ri’:e a cod fi’- to both ~h,e flow ‘robe ant pulsed fluorescence -ennerimen’:.
Ph-os we must assign a range of mossible values:

0.5 x nomina l < k,, < 1. x ncni ir,al
nominal < 

~~ 
< 2.0 x nominal

we nick values in, ‘Ice middle cf these range: we have

x niom i -:al
k 1.5 x nominal
C

-‘ i - D u b  a :’-- ‘the ‘:l~~ :’ ’ i :- - ’-~ i -u ‘-he ~~~~~~~ ~

- Fe “fI~~’ w”-r’- - u c i — i l a r  “or  ‘-
~ niti - -u --u-- u ’ -’.- 0:’ D . . . ’ .

—— —~~~- - — — ‘ - — — - — ,—-r—— — — - - .‘ - — . . a - #‘ a - - ‘ — — —- —— - - —



‘Jihu’aticrial Do’susioratLn

P:~ liml:.ar s- :al-:- ,la’s ions p*- u-f ::‘ri’-d inder Tas I inri i sa t- -I  that tn ’ rnnc’s
i :yso:’tam : -i’- ’act i ’:atj on rsc ’hanisms in ‘sn--I of st ~~~ U’-~’: HF c- li’ - le-a ut i -r a t l lr ,
( “  ant T?) and :i-at~ m - I -u a o t i ’ ,-a tio ’s .  2:pp~ rt for this ‘-mphas is was pro iid -I
by work at ~-~er:space f o u-p o r a t i o n  ir u d i r a t in g  that VT -b- act ivat ion scale s
ranidi:’ i~’i~ h v ib r a t i o n a l  -;car,tum numb er  ( Kwck. Re:’. 25), and that H atom :
ar-u a str- :n ; i-’ acti ’rator  of HR fo r  -! � 3 (P o r s , R f. In ) .

FUw Thbe

yc~ of tne original rate package ( Arpendi c A) led, to predi-sted
- :ib r at t or .ai, p onulat ion dist r ibut ions far  too great  for  the highe r lying
b-:-els . Th~ s it was necessary to revise the vibrational rate nackare . The

.- m n - u ’-er code IE-~~~ was modified, to allow for arbi trary s-u -aling of all ‘J ~ 7
‘i-P tr ans i t ions  with v~bration~ b cuan t um number. Provision was als o

nad~- fo r m-:l’si:uanta V-P transitions for all colliding species , and for
ui ’s—: ’na i ’re s ingle qc,aoin-um V-V models in l±eu of that normally in use.

hodifl :atiur~s to the rate package were nu ided primarily by the f indings
of ~-Dw :k (Ref. 2 5)  and Post ( R e f .  26 and 2 7) .  Kwo k has fourr l  that the

of lisaupearnn ru e -:i exci ted HR scales as •t .3 . Bott has found that tb-u
l ’-as’si ’ra ’sion of HR by H atoms IS s lower than our nominal values f o r  = 1
an-il 2. b u t  cons iderably fas te r  f o r  -i =

Inc :‘ate n asba :e tr ied em~ b:yed the ~~~~~~ scaling on all s ingle :na’st
‘-‘-P t r an s i t ion s . In addition the net deactiva’sion rat~ s by H-atoms Ibor

= 1, .1. and. 3 w-’re re ’riscd so :na ’scn Pott s val ues. The t-=mp-u u’at
:--:ne’sil-:raue and relat ive probab i l i t i e s  to the  ‘rarioi,s low-’r levrls si’s-- n by

2 5 .  ~~~~ M . , “3tudi~ s of tho V ibra t i—o r.ai Pelaxat ion ,f DJueoer L~ ’sel: of
HR ( ‘  ~ ‘i) in a L~:’~ -: Diameter , hell-un Press n’-’ Flow Thce , ” p :’e:- ’s ’se-l
at t h-~ TriS---rvi:-o Ih-imi ual ~~:er Symposium , Kiu’tland AU, ~~~ - , Febru ary
1 -

~5”~--

~~‘:. 3 - s t , 1’. F. ano ~. .  ~~. :1- i~~~~-~~
- I I I ,  -3 ’ uu ly o:’ nh T l h : ’ r s i r u r l  P - a s s i ’ - ’~oiu::

(‘r = ~) by H ~t~ m: , ” ru -cue::’ -i :tt tb T~ iS-~ ”-i~ - fh- ’mI- :’sl ls:~~r
Hymn ;: ion . ‘Ii u ’n l a m I  1-,FB , 1-i . Feb r uary j ;T~,~

:~-~~~~- -~- , i~~. :. II: ar: -1 - T .  F. P - o t t .  ‘ /ib : ’a’ i :,al D ’ - ’ s •~~i- ,”e’ I :u of IE’ ( - ~’ = _ )

DY ( - ~ = 1) by H aru l  D~~Io - r - 3 ,  -. ‘h-- Th:: - 2 , oUT . 1 .

-‘~1 - 5



Wilkins (R e :’s. 28 and 25), however, wer~ ma1nta~ned. This required multi-
plying the nominal v = 1 rate coefficient by 1.0-1+5, the ‘r = 2 rate coefficients
by 0.072, and the v = 3 rate coefficients by 3.62. On the assumption that
all deactIvation above v = 3 is rapid , all H-atom rate coeffic ients for
v > 3 are also multiplied by 3.62. Similarly , all F atom rnuitiquanta rates
were multiplied by 3.3 to bring the 1-0 transition rate into agreement with
the value suggested by Cuhen (Ref. 30).

Application or’ these changes to the rate package yielded surprIsingly
good agreement on the vibrational distributions for the four basic cases
(i~’+) of the flow tube experiment. Somewhat better agreement was achieved
by modifying the V--P formalism slightly. Consider a case in which transitIons
from a level v are equally probable to all lower levels (v-l , v-I, ..., o).
Suppose each individual transition scales linearly with v. Then the ‘set rate
of disappearance from eac h level would be proportional to v2. The net loss
rate of quanta, however, would be considerably greater than for a single
c oantum process.

Such a multicuanta model was applied to all collision partners except H
and F atoms , which als’eady included multiquanta transitions with probabilities
apportioned according to the theoretical work of WilD-dons. The net rates for
the H atom interactions were again revised to reflect Bott- ’s measurements as
i~scribed above .

To- achieve the best  f i t  with  the model as formulated in the como-u te r
:- od’- It w-as fo—~od that the V-V mot e l normally employed could be used if the
trans itions we re scaled with v~~ / e rather than v. With such scaling , exo-
thermic t ransi t ions of the type (v ,v- ’) ~ (v-i , ‘r ’ +i) are roughly ind~ per~der~t
of v and diminish s lowly with ‘r ’ . This is a consequ ence of changes in ener~~
-tefect for the various trans itions . In summary the rate paskage selected as
the best fit to the flew t-obe data inc lu des  the following changes: H atom

28. Wilkins, R. L., “Monte Carlo Calculations of Reaction Rates an-i Rnergy
DIstr ibut ions  iimong Reac t ion  Px~~ducts H ÷ HF (v)  ~ Hl-~(-i ’) F and H ÷
HF(v) ~~HF(v ’) + H,” J. Chem. Phys ., ~8, 3C38, 1973.

19. Wi]2~ins , R. I., “Monte Tarlo Calculations of He-action Rates an-I Energy
D istr ibutions ~mcnc Reaction Prodtucts . IV. F HF(v) -* HF( v ’) F
and F’ + DP’ (v) DF( v ’)  + F , ” J. -Dhnrn. Phys., 

,~~~~~ . ~98, 1973.

3 C .  -fob--n, 1. ard J. F. Doss , “A Review or ’ Pate Co e f f ic I en t s  In tb -  H - - F 1
‘h- mical  Lase:- Sy :t- -rn , 

- , 
-3~V133 Report , TR- 7b -32 , T-e-rospace loroc. :‘a~ iS’s .

15’i’t .
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acccr i i -- ’ ‘c The n-c’-’s:’ur—:se’:’-.- ‘of To’ - ‘ , i ~ ’ian’ a ‘T~~ ‘-u l— /
• ic- r,s ini,L’ri luallv seal-u i linearl’.’ w i t h  ‘r: and V—V transit ions scaled w i t h v~~- / - ~ .

The connar i:on ;~ith  -uxnerin ,ent  for  run -cond,!ti-ons 1 ohrou -h are sncwt. in F! s’c,reo ~C
::rousli 1~~- . At firs: the calculations were perfoxtned aJ,lowin.: the model to creul
- h-~ HR De’seloomen ’ -as well a ‘he vibrational —iis ribu-icns. 1’ was :ec i l- e- i ,
hcw-uver , tha since the aeThal n~~r eamwise HR -r ariat ic - n is kncwn f rcm th e
‘:-~~erimental neas’n’emen’r , and s ince  HR self deact iva~ icn is so inmo Th au ,
error i-c fitting The -ribra- ional I i sThibu-ion  could be min imise- I  by sp ecif ~-in ;
The veacured HF le ’zelorment . The resul ’ ant  rr e-lic ’-ed ‘ ribrat ional  Iis ’r ib u—

icr,s ~rea~~o ~no~~ in Fi~ ires 90 through 109. Indeed the fit to the data Is
irrr r c ’r e-I . There is , however , a tendency in cases 3 and l-r for The mcdel to
over pre u,ic~’ -Ieac’iva~ion in the laTher stages of the flow 

(e 0p~~5 14 and 5) .

One shcr ~ ccrs imr of the  model is i’s ammaren± inabili4- ’r ‘-o predict  -he
‘sh-ra -ional  lis ’-ribu ”ion a- earl-i se ages of The flow, in ~articular a ‘- he
:‘ir:~ ncr’- lcea’icn ~x = 1 crc ) .  In The car l ier  I i scucs icq  cf chen-i-cal reac —
‘_ r” “a~ =s ‘h— ~‘cc~~

_ 
~1i ’ r~ ~~~~~~ “-~ -~“e~ 0 sc—= ~-ii~~~all ~ia,. ‘r’ ~~~~~~~

we were cc c on s iD er  such a ncccibil i~ :,’ -cow , ‘roe asre -emen a’ x = imnrc ’rec
ccnsiler abl’s . Thi s  is illus ’r9.” -e-1 in, Figiire llo for run condition 3 -s± t’n ari
ini’- ial mole frae’-!cn of ).1Tfll~ of HR (~ F’i~~s. 14’2 and 149) . This figure
chculi ‘cc -ccrcnare-i wiTh FLsu.re ICC. T::ematoD: for vibrational levels 0,1,
an 2 is ‘ram i’,- irrrrc ’.- u c .  Jmilar  r”s’ul s bol l ‘-rca for c a s e :  1, C.  and,
A’ la” er nor Th  ‘-he vicraThc- :al ~is rih’c’ic’ss are -s cr-sc~~rabl-e wiTh Those
nu - esr icuclv nr -~-iic ’e-i .

Thus we c-ac “hat  if r enireula’-ion in “he m ini — es region ot’ The :‘lcw “ ube

~c-’- ~~ il’- ~~
-‘ _ -‘c - ’~~a:--il o— ce -~~-a’ic-~ c ~~ i ~“ iall~ ‘ l e  , e ’ c i c - a ’ _c a ,

:‘a’es sel-cc ’e-D ~!‘TC5 -Iced agreerne’~ ,qi’h excc-e:’ircen’ a” all measurercerr’
Ic— ca’ ions .

~~~ i-v -‘.u’-~u’ ing ec-ur-e:u- - ::ce of ‘:e ehanoec ‘-o ‘-lo u ‘sibra 4-iona , ra~ -- nac -:afe
ic Tha’- ‘be ran D 1 ‘7— 1 ra4- cc -crumb s-e l re-c-i ~

‘ The scr-.nariso-cs of ‘he mon -cl —-ii ’h
--y’nerirc ---n ’ ‘Ia’i-- -—l’.- i-:r-c ’-s!~ i-:~ “c “h e :e-ali-o-’ C f  “h - a s i n - ’le— :ua-:’-’sri
cc, ’- i- :  ‘he sic I. ‘1’,’ i’ ‘‘

~,1 r- ~-e” ‘-bc ’s ~ ‘c,’- ‘-1” 1
~~~~

- , — - -- - ” -
, :— —

— c : u  ‘-~ U - - - i I EC~~~~wo’~~ : -:c, ‘o h-u lr”svDsall’: ,- u - d  ‘c u -cu ‘- u- :
a- c art-c -sic n’-u’-’-i’-es -a- : -c-al  i n s - - : ’ : L c u : :  o’: hi .: r i : - r c , ’ i n - c ul 1-sn- -rI , :
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RUN CONDITION 1
PORT I — X 4cm

A — FUNDAMENTAL 3/8/76
0 —OVERTONE 319/76
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RUN CONDITION 1
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RUN CONDITION 1
PORT 3 —  X - 12, 1 cm
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RUN CONDITION 1

PO R T 4 — X - 2 1 , 4 cm
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RUN CONDITION I
PORTS — X  31 cm
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RUN CONDITION 2

PORT 1 — X 4cm
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RUN CONDITION 2

PORT 2 — X - 8cm

\ 0— FUNDAMENTAL 2/13/15
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RUN CONDITION 2 -

-
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RUN CONDITION 7 -~

PO R T 4 — X - 2 1 , 4 c m
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RUN CON DITION 2
P O R T 5 — X . 3 l cm
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RUN CONDITION 3
PORT 1 — X 4 cm
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RUN CONDITION 3
PORT 2 — X  - 8cm
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RUN CONDITION 3

PORT 3 —  X 12, 1cm
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RUN CONDITION 3

P,O R T 4 — X _ 2 1 , 4 cm
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RUN CONDITION 3

PORT 5 — X 31 cm

0— FUNDAMENTAL 2/13/75
C - OVERTONE 2/7/76
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RUN CONDITION 4
PORT 1 — X - 4cm

— 0 — OVERTONE 319/76
1014 
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-t RUN CONDITION 4
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RUN CONDITION 4
PORT3 — x  - 12, 1cm

0_ F U N DAMENTAL 2/13/7 5
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R U N  COND IT ION 4

PORT 4 — X 2 14 cm

~~~
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R U N  COND IT I ON 4

PORT 5 —  X -31  cm
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RUN CONDITION 3A

PORT 1 — x 4c m

io 15
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(Ref c. 31 an-I ~2 ). In ‘he ccurse of ‘Darameter 1ar±a~ iorls to op’i~~ize

the ~‘i’; of the model ‘o the data, linear scaling with v of the V~1T rates was
also ~ried. A tyoical comparison of the model with linear and ~~~~ scaling

— Is ~hownin Figures 111 and, 112. The differencee are seer’ to be rela ively
smafl, despit e The large differenc-es in the upper level probabilities. The

~
‘as’er V-V package generally fends to do a be”ter job of matching “he
e~coerimenta1 dis’-ributions for the lower levels a~ short times , but for
longer times it tends to overestimate the ground state population and those
above v = 5, while underestimating the populations for v = lt o L~ (Firs. liland

112),. ~-;hile this siv’es generally poorer agreement than , say , use of a
v~~”~ scaling for these flow tub e tes ts , in power extrac tion calculations the
fas”er v-_i scaling tends ‘-o give more pessimistic (and perhaps more realistic)
predictions . These will be described later on. This is in part because
of the better agreement on the lower levels seen for short times , comparable

~o those in lasing sys 4 ems . The poorer agreement at later times and on
higher levels , which do not lase strongly, ty~ ically has only a secondary
influ-:nce cm predictions of power extraction.

To ~:rther ~es’ the model and isolate F~’ self deactivation tes ’s a corn-
pariscn was also made for cases in which ~~ was added to the flow. in par-
ticular 5~ cc/sec and 100 cc/sec were added to run conditions 1 through 3. fliis is
ecui~ralen t to initial.mole fractions of 0.0002 and 0.000L~ of HF in the flow ,
co~~arable with the amount of I-Lu’ produced by ~he chemical reactions . A
eom~ariscn cf the model with experiment is shown in Figures 113 through 126. Since
no -r = 0 data are available to provide e~~ erirnental values for the strean’iwise
-levelormen,’ of I-~

’, calculated values are used. Even so the agreement
remains generally good. The tendency is for the model predictions ~o fall
along, or somewhat below ~‘he e~~ er imen ’a1 measurements. This indica- -es

~ha ” 1~ ’ c-elf deac’-i’ration is perhaps not quite as strong as inc1u~ e-i in t h e
model.

To he ”’er isolate ‘he effects of H atoms two additional s-e ’-c of runs
were ~er fo~~ned (gcndi’ionc 5 an-I 6). These condi”ions are also listed in

~able 9. The object was to find ‘wc cases with aorroximately ‘he same
ra ’e of !-~~

‘ produc ”ion , bu ’ having one w ith  a si:r~ificant1y bi:her H—a’-cm
crn cen’r a ” ion  (Condi”ion ~) ‘~,an the other (Condition 5 ) .  Thus - l i f f er e n c - c o
in the ‘Tibr-a” ional povulations would be due primarily to ‘he differences in
“he H-a ’cm cc’ic -en’ra”ic n.

In crd-er to asse~~ the infl’iercc -c of H a”c-mc , con~ ari scns of the ra’io~
of ~crul-t ” ion:  for :1w— - -- I-~-r 1: ,-r--- ~-’s t~ ~tc ca ’ -~: w-cr n-, ie a -‘a:h — cr ” .

31. ~ rok , ~~ crivate corr~ssth i -sat~ on. ~-~st 1975.

32 . Shin , H , ~~. ,  “iibra t i ~ r , - T ~~- :-- ~o ’,un En’sr :y Trans f— r in HI5 Dim-~rs , ”
J. -Ih’-rn . Ph:5s ., j .  - - :~~1, I

- - •-‘ -- -- - -  . - - ‘ - .  . -- - - -- -  — - - - 
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RUN CONDITION 3
PORT 1 X 4c m

A — FU N D A M E NTAL 3/6/76
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RUN CONDITION 3

PORT 3 x 1 2.I CM
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50 CC/SEC HF ADDED
RUN CONDITION 1
PO R T 1 — X 4cm
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100 CC/SEC HF ADDED

RUN CONDITION 1

PORT 1 — X - 4 cm
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5O CC/SEC HF ADDED

RUN CONDITION 1

PORT 2 —  X - 8cm
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100 CC/SEC HF ADDED
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RUN CONDITION 2

PORT 1 — X .4 c m
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RUN CONDITION 2
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50CC /SEC HF ADDED

RUN CONDITION 2
PORT 2 — X - 8 c m
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100 CC/SEC HF ADDED

RUN CONDITION 2
PORT 2 — X - 8cm

A — FUNDAMENTAL
\ O— O V E R T O N E1014 — 

A

C?
C

>
C

>-

1012 -

G

lo ll I I
0 10000 20000 30000

Ev (cm~~~~)

FIGURE 120 COMPARISON WITH MODEL

1c~2

- • r - j  tr- . - - — - - • . . .- • • • - -• —• - — - —* - -  - •



100 CC/SEC HF ADDED
RUN CONDITION 2

PORT 3 —  X • 12. 1 cm
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100 CC/SEC HF ADDED

RUN CONDITION 3
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In the il.eal sitha~ion ~h-~ s~ r r ise  varia t~.cn of 1~’ wcu.Id be the san e
fcr each case . Then any de~art ure of the ra ’ ics frcm uni’ y woul Ti be ore—
dcminan tl’i the resu.1~- of H a~cm effect:. If :uch effect: were acc’.3ra~ely
modeled the calculat ions would cots~are well .-~~y~

-. ’ if H~’ self deac’~i-ra~ ion wore
rocrly modeled.

~‘i~ure 127 show s the measured develop men ’. of  HF for the ~wc cases .
Unfortuna~e1y differences in th e  ini~ial reao~-io ri rates result ir.i~ia11:, in
somewhat larger }ff concen~ration for Ccndi~ icn 6, whereas at 1at~ or s a ~es
of the flow Condition 5 has high concen~ra’- icnc . Thus differences in the
HF self relaxation will tend ~o mask the H a~cm effect:. This nrcblem is
:~n-ther complicated by the ~c:sibili~y -ha~ HF is initially present , a:
illusthated by the dashed lines in the f i~ure.

The exrerirsen~al populat ion ra ti os were evaluated and compared w it h
three seth of calculation.:: (1) H atcm deac i-ration. scaled ‘~c ~ctt ’s
mea:’s.reme n~ s, (:

‘.‘ H atom deactivat ion se ’ at the nominal values, (~ H a~ om

~eac~ ira~ ion set th zero . The third set of calculation: was performed ‘~c
assess the influe nce of HF self relaxation alone. The resui.th of the scm-
par!scn are shown in. Tables 32 through 16. An Qarlier comnarisori
‘ n ~ calculat ed ne~ HF developmen - , had gi-r~n fairl~r soc--I a~ recmen~
(P e f .  23 ) .  Tow, hcweuer, with the HF variation specified frcm neasuremen~ ,
the  cc-r~ ar!son is less favorable. The predic ’ ed inf luence of HF s e lf  ~eac~ i-
va~ ion alone ; iues ratios ccn~ arable to those measured e:~~erimen~a J-:.
Hence , 1i~~le can he said ah~ f the influence of the H a’om:.

clear~~ i11~ - ” a- _c
~’ of tbe orou~.emis a ailab1e in~~

_
~ .~ e:_. 

- 

~‘o

~ ‘~ s— :~ ci ib~a ic~’al s~~~~u - o  a’ ~ = 8 and ‘ ~~~. .~~~
‘ -

for the ~wo cases . As can be seen , the ccmruta~ion ass~s~ in~ no
- a i u a ~ion under-nredicts The upper level mopul a~ ions for ~c~h case: a
the 1a~ or ages of the f l o w . I~ is anpare-.t ‘ha~ ei ther  snor ccn’in~ :
:i11 exist in the :elf-deac~ iua~icn mc iel or 2rrors in the

- r eic~ rr en eclu ie a valid asse::men~ of H atom inf .uence:.

~ ilse’I—F1uore:c-~nce

The d a a  available frcm the pulseri-flucres:-eoce e::nerimeru .s ~~~~~~ can ~)O

use I ~c :~ u-b- riI a~ ir ;n a1 re1ax-a~ icn are Drimaril’1- sualitat lue  in na ur e, in
the th~~ of fluorecc ’noe ~rac es f rom the ‘~~:.-rat ienal ~.evels v = 1 Thro~~sb e. Tome
e.nan’ i~a~ da~-a , iaxselv sam m suremeri ts , ar-c also available.

Due 4o the thor ’ ~Lme scale: anI woa’ al: The f lucr  ~:c-~ :c~ ~~~~~~~~~

co’e.li nc~ ho calibre. ed ~-o nrovith ab:clu’e ~rj ~~ “r i-~n si~ ion. T:u.: ‘h-c
‘race: were nc’~~ali:e1 o uni ’T ‘i.’ the s-as.:Lmnr~. Tno cas ~rcm eac~. ~eri es



T:bDLE J l .  x = ~~ em - PORT 1

Population Ratios: Cond. 5/Cond 6

Bott H-Atom Nominal H- No H-Atom
V Exptl. Deactivation Atom Deactivation Deactivation

3 1.3 1.5 1.3 1.0

2.0 2.~1. 2.1 1.5

5 2.9 2.3 2.2 2.0

6 2.7 2.2 2.0 1.9

1-

L TEII~: ~~~~~~~ 
-s- - -



TABLE 13. x = 8 c m - P O R T 2

Population Ratios: Cond 5/Cond 6

Bott H-Atom Nominal H- No H-Atom
V ~~pt1. Deactivation Atom Deactivation Deactivation

3 1.5 2.1 2.0 1.2

l.~ 2.8 2.6 1.7

5 2.9 2.6 �.3 1.9

6 1.6 2.6 2.1 1.8

ibi 

,_ — - - I ~~~~~~~ —. . . • -. —- — .  —.—.- .— - — S.
— ~~~ 
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T.ABLE 111.. x=12 .l cm - P O RT 3

Population Ratios: Cond 5/Cond 6

Bott H-Atom Nominal H- To H-Atom
V Exptl. Deactivation Atom Deactivation Deactivation

3 2.0 3.1 2.9 1.6

11. 3.3 3.6 3.1 2.1

5 2.7 3.3 2. 6 2.2

6 2.1 3.2 2.~1. 2:1

192
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TAB LE 15. x = 21.9 cm - ~~RT 9

Population Ratios : Cond 5,Oor.d 6

Bott H-Atom Nominal H- To H-Anon
V Exptl. Deact ivat ion Atom Deactivation Deactivation

3 2 . 1  14.3 3.~ 2.2

3.11. 2.5

5 ~~
_ - ~~~ 3.0 2.5

6 --- ~1..2 3.0 2.5

1 y~



TABLE 16. x = 3 l cm-POR T 5

Population Ratios: Cond ~/Cond 6

Bott H-Atom Nominal H- No H-Atom
V Exptl. Deactivation Atom Deactivation Deactivation

3 1.9 14.1 3.2 2.2

J4~ 3 3.0 2. 11.
I.

5 --- 3.7 2.7 2.2

6 - - -  3.~ 2.5 2.1

1 5

4 • - • •  — - -— — - -
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RUN CONDITION 5

PORT 2 — X - 8cm

o FUNDAMENTAL 5/28/76
o OVERTONE 5/5/76

N D PROBE LASER
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FIGURE 128 VIBRATIONAL POPULATION DISTRIBUTIONS
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10 15
RUN CONDITION 6
PORT 2 —  X 8cm

0 FUN OAMEN~TAL 5/ 28/76
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FIGURE 129 VIBRATIO NAL POPULATION DISTR IBUTIONS
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io 15

RUN CONDITION 5

PORT 5 —  X 3 1cm

0 FUNDAMENTAL 5/28/76
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RUN CONDITION 6
PORTS— X 31c m
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that appeared represon ’a’ i-re of that series was :elec ’ed for ccmcari :cn
wi~ h the con~u4-er model. The cases selected an’.I ‘he inc’i ’ cc-c Ii~~icn: used in
the ccm~u~er calculation are -~iven in Table 17.

The calcula~icns were first perfo~ined using the ra~- s cac~:a~e ~iring the
he:’ fi’ in ‘he flow tube excerimeeth: (1) H a’crc ra on sc~J~-i -acccr-flng
t~~~ Ba”, ( 2 )  ~~~~~icuan ’a V—T t r~ nsi’ions indivi~..ually scaled with  v , and (

~
)

V—V ‘ran sit ions scaled wi th  v ‘ . The com~arizon of these sed cula’icns
with experiment is shown in Figures 132 through lb-5 . 3enera l:,- the :Lone: in the
diminishiocs oart of the curves agree fairly well be ’w o c n  mc -ci an I
men ’, but ‘he model credic~ ions for the posit ion cf the m.’ak las far behind
the  e~~ er irnentaUy observed peaks . This more rapid ‘ur n a rcun i  is lik ely Inc
to the same fast ini’ial adjustment of the po~ulatic in seen in ‘-he flcw ‘ub e
excerimen’s tha’ was also poorly simulated by the model.

Additional calculations were made using the faster, linear-v scaling
on ‘he V—V rates. A comDarison of these (FAST v—v ) with ‘he slower (.~:ow ,T_ T)

rates and experiments are shown in Figures 114.3 through l9-~ . The results are :yr)ical
for all the other cases. The peak for v = 1 and v � 6 tends ‘a occur later
than the “slow TI” predictions , and that forv=2 through 5 tends to occur earlier.
Also the negative slcne: tend to be shallower.

Since the above cornoarisons are ouly of relative quantit ies it is
dif f icu lt to draw any fi rm conclusions . There is no way of knowing what ccrc-
centhat ion ‘he excerimeiv al maximum represents and how it comp ares wi th  the
model. I’- does, however, appear tha’ population redisthibu’ion as trea’e-I
in the model is no’ fast enough to produce the behavior observed in the
exceriment s.

The measuremen’s of gain, made e~~erimentally crc-ride a more suantita-
- i-re means of gaining cerspec’ive on the adequacy of the rela :a ion mcd-el.
An exDerimectal study of the rnascirmmi gain as a funct icn  of t r a n s i t i o n  was
made for conditions corresponding to series F (D.~ ‘orr E.., 1.:) -crr F,-)).

ccmcarizon with the model is shcwn in Table 18. Two calculations -are
:hcwn —— slow ‘TV , which is the “bes t fit” rate c-ackage including ~~~~ 

-

scalin..n of the 1—V ra’es; fast ‘19 which is The same se’ of rates excec’
linear v scaling is ernnlo:red w i t h  the V—V ra e i .

He see ‘-ha ’- on the v = 1 0 tran:i’-jons the cr-c list-c -i maximum gains
for both ‘-he ta: ’- a nd slow TI calcula ’-ions ar° lower than measure-i cx’neri-
mentall’s, wit h the slow V—V calc’sla’ ic-c b-sing i~c scnc-~c-ihat ie ”- -cr agc’eeme-c- .
Cc ‘h e other han-I , for 7 = 2 ~ 1 ‘-ra :csinicns ‘he mre-iic ’-al ma -:irna are hi
-h an  ‘he measured value: , with  ‘h-c tas~. ‘TV -crücula c - c b ei-e~ i-c -:ic :-cr

200 
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TABLE 17. I::ITIAL L C D ~~ i~~S - l~]LESL 1-’~~5~ F~b :k::cE
V~~ RAT IOUAL 3’1~JD~~S

ir-itial Pressure ~ l~O torr
:nitial Semperature =

~:a1e Fractions
Case F F2 :-~~

A8 1.02 x lO’5 0.00814.77 0.006677 3.00l-~63 0.981003

33 7.20x 10 ° 0.009130 0.021180 0.002171~ 0.947509

C3 7.70x 10 ° 0.009707 0.005336 0 0.9814566

L1~7 5. 14.7x lO~~ 0.0014907 0.005~97 0 0.989591

SF6 7.3x10 ° 0.0014938 0.OlOlfS 0 0.9E)~90O

l.35x10 5 0.01009 0.0023~~ 
‘ -J J .~~~7539

~The traces labeled I in the  figures are for essentially the same con-Unions
as F7.
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TABLE 18. C0~~ ARIS0N OF PREDICTED AND MEASURED GAfl~

Line Variation
Mixture: 0.2 H2, 1.0 F~, 98.8 Ar

Experiment MOd’~1

Line Pulse Ene r~~r Gain Pulse Energy Gain Gain
(J) %/cm (j )  Slow 77 Fast ‘f T

1P2 .1~4. .98 .13 .66 .-.5

13 .78 .13 .89 .67

1PLi. .12 1.01 .13 .86 .63

1~~ .i2- .i14- .55 .13 .36 .22

lP7 .11 .26 .13 .16 .291

2P3 .13 1.2 .13 2.59 1.3

2P~4 .12 .66 .13 2.36 l.l~

2P5 .11 .14.8 .13 1.63 .7-:.

2?6 .12_ .lli. .14.9 .13 .88 .34

202

- s  = - e— ~~ c, - . , .  - 
- .. - — -..-* ——— . — — —-— - - — -



___________________________________________ 0

- C,

I-
I 2
I .~~~~~- LU

I
I- I
2 / LU
LU I a.

II
a. I I  LU
o II -

~~~~~ I
—J II I—
LU I I  —

> I Iw -J I I  .

~~ -J0 / /
Z < ° / I £ 0
2 W  

~ / /  0
I— “ 

, , LU0~~ \ /  / U.
-J \I I 0

-J I / 2

a. / / \ -~~ 
—

LU I F I

> I F I-
— I’ z a.

/ /
I’ F - 0-.J

LU / /
/ f x
/ UJ

/
/ I’ LU
I,
/
/ I’

/

NOIlVlfld Od ~AI1VThJ

203

~ 

., , . - - .  . - ________



0

-J
I

a Io I

U,.

I-
I 2
I LU

I
I
/ LU
I a. 2I x W
I
j a.

10
I
I

~ j LU

\

‘

I 

~~~~~~~~~~~~~~ ~~~~~~~~~~

x
w a.

LU

0 <

C”
U,

Ui
x

C,
U.

I 0
0 (‘4

o d

NOIiVlfld Od 3AI1V 1~~~

2~D~

~~~~
.- . ..- -. .- -~~~~ *‘- :~~ 

—- - -  - — 
~~

‘_
~~~~ —‘_- . - . - -



____________________________________________ 
0
(‘4

-J I I
I I-

C 2

NJ /

‘

I I1 10
I I— _I

I ~- ~I Z ,~~.lU I u~ • 0, - zCI~ I ~ .- 0
I — LU

ww > ~. —

z~~~~~
a.

0 <
U - i

r

CD ~~
-

— 0 o

NOIJ.VlfldO d 3A IIV 13H

205

----- - -7-—- 
~~~~~~~~~~~~~~~~~~~ ‘~~m~~- • .. .~~

--- ; --~~. ~~~ .~~ -. - - —~~~~~~
-‘~~ ---- - -—---- - ——--•---_- • -- _- - — - -  - - -. -~~_________



_____________________________________________ 0

C,

Z Iw

w
a.
x
w

I-
o zo - b

I
I X W
I LU~~~~~/ - C D

I
I 

~~~~~~
WI — >/ ..J W

C., /
— 0• U ,~~~ 0
JilU I  

U.

~~
a. 

~~~ a.
-~~~~ — a.

< LU

a. >
0 <
U- i

- c’, LU

C”

LU

- ( ‘ .4

U.

I I 
0

0 CD ~‘4 0

NOIJ .VlfldOd 3A 11V 1214

20u

- •  ~‘•~ . • • ~~~~~~~~~ 4 1 ’ ’ ” r  
~~- 

- - ~~‘-~ 
-  - -  

~~~~~~~~~~ 
-



0

— C,

-

I-
I I 2
I I LU

I I -
~~~

..

I I
I I a .2
I I X w
I I
I I ‘25I I - C D~~~~~~ 

~~~~~~

~ I Iu j l  I
I —

..J I — L UO
UJ ~~I LU 0

N x l  oI ~ 0~~WJ  - L ’)

I I
-U I I 0 - i
a. a.

~~ a.
-

~~~~

a . —I-
-JO w

C”
I-

LU

C,
- ( ‘ .4

I I I
C CD ~~‘ (“4 0

C 0 0 I

NOIlV IfldOd 3AI ,LY13~

207



_ 0

— C,

— CD

I I-
I 2
I LUI
I —

~~~~~~I UJ Za.
~~~I W a.I 10

I I -- i

/ . w ~~~~

C., I - lw
—

‘U I - 0
I LU 0

U ’ ~~
‘U > I I-.

- U,
I

a. I__ I
I z I• 

~Iw I  ~~I w
a ’  U I
a !  a. —

~ I—
I I 0 <
I I U -i

Jw

I
I C”I —

~~~~~ ‘I LU
II
I C,
/ U.

— ( ‘4

0
C CD CD ~~‘ (‘4 0

C 0

NOIiYlfldO d ~AI1v1~~

20-t

— • . • 
,- r - -- .-,-’ ,~., ., .- 

~_ • .  — . • - . .r  ‘-  - — — -  —



-C

I-z

NOI1~~1fldOa ~AI1V1~~~

209

- ,.
—~~~~ -——‘.- - .1~ ~~~~~‘

- I~~ _ - ‘ • ,-~- - h - - . - - - -
~~~~~

.--- --- — - ..- • _ . .  -



_____________________________________________ C

>2:

I-I z
I LUI
I
I a. 2
I X W
I a.I 10
I — L U

U0~~i
-U a ,

C/
a. 

~/ w

I ~‘ a .
I
/
/
II O wI
I 0•’I U~ C”/ I

/ LU
/
/
/ C,

U.

I I I
C CD (“4 0

NOIlVlfld Od 3A IiV13~

210

~~~~~~~‘~~1.  ,~~~• , - ‘rr-~ ,~. . • - -  . -  -———- -• - - -- -



0
C’,’

I z iI w
I

- U I  —

~ L€)
a. —0 1
‘UI I-I 2

I LU

II
I LU 2
/
/ LJJ D•,I 10
I
I — L U
I ~I ~ — J w

I E w o
/ -~~~~~~~: O zI ~ 

0~~I ~I
S II o~~~I

I ~~~~~LU1I
I 0 <
/ U_ iI LU

II LU,

/ C

/
/
/ C,

U.

• C
C CD ID (‘1 C
- C C

NOIlVlfldOd 3A IJ ,~~13E~

— - .., . - — - - 
~~~



, E

I.-
z I
U

‘U
a.

I-
2
LU

a. 2
III a.
I ~~~0I
I — LU
I ‘C
I/ ‘I,

I .~. W~~~~~
a / .. C 0
‘U / -. - 0 2

~~

r 

/
//

/

~

/
/•/

//
/“ 

,

~~~~~ 

U

0
0 CD, C’~ 0

C C 0 0

NOIiVlfl dOd 31\11V138

212

- —~~~~~~~r——--—-——-r - - - - - — - • . - • ,- -. - - - - , ~ - - —4’-- - .



-U
‘‘UI a
1 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I-
2
LU

Ui
a.
X w

a.
I-
z
U — LU

>
a. _ . c ~,’ —

0 2
‘U

< II

H

-•

0
0

NOIJ,VlfldOd 3A I .L’v~1~~~

213

I ‘ ~~~ - — — — - - - —  . - ‘— -~~ - — . — . • — .- — —— • — —-—— - - — — - —- — - _., -..~— - —



U,

-

I-I 2
LU

>
>

LU
0 a.
-U

- 
‘~
, 

- C.) LJJ~~~
-U
CU 

— I— _I
~~~~ LU

— -J LU
-
.

C.- LU r. Z
LI. 0

U 0~~
-U

- N Ca.

<
LU

a . >
I-
z
U

LU

U I—

> LU
>

C,

~~~~~~~~

I I 
I_— -__ _ _ 

~~0 CD CD NC C
— o C C

NOIJ.VlfldOd 3AIIV 13H

21~4

- - -—-- - ; -  - .t r r~ s -— - - . . - , , - . n — - -  t . -. - --— -- - -- - -- - - - - -- — —- -



U,

I-
I 2

wI
/ a .2
I X lii

> I
a.> I 

~~~0~ I I_ _I
~ Ic~
, I

I 
~C.’. J / LU 0U, wo /  C -S 0
— 0 2CI)

LI.U . I I .
I
/ 0 a .I

> I < U i
- / a . >
> / I ~-z 0CI) / I
U, / I - Ui

/ /
u.~ a.o .f LI)0 /  CU - -0 w
/

/ C,
/ ~ #l-~

~~~
0

~

/

C CD ~~‘ NC
0 0 C C

NOIJ.VlfldOd ~AI1V13~

—I ~~~~~~~~~ - - ‘ - ‘  - . • —:
~~~ ‘ ~~~ —.-y..-.. - _ - — -,—--



~~~~0•

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

NC

U,
I-
2
UI

X L U
hU~~~~

~~~
a.

-,
‘C I >

I-’ W LU

‘U . . E -  0 2
LL

U l I

I-

O a.

~~~
a.

< L U
a .>

> I
>

/ U _i
LU

~ /
I—

Cl) 0 U,
0 /  C

a /
0 / C,

,
,

,

/

I 
C

C CD CO (‘4 0
d o

NOIlVlfldOd 3AI1V13~

Ii’s

— . I .rr — - .r~ . - _,_
. - - . 4 — - - — .. — —.- — — — - —- -. — - — -—— 

- - 
- - —. ..-• - —



-4

I ~U

(5

>
> I C.,

I
0 I
-U I
Cl) / I—

J / Z 2
aw /  LU
0 /

C —

/ a.
I
/ CU a . ZI X wI LU~~~~~~/ 1 a.

/
/I £ >

> I -
~~~NC 

~~/ 0 
~~ 0 2

/ ~‘U I
0 <

U

O a .
/a. 

~~~a.
< L U
a . >

/
F 0 <

LU

NOIlVlfldOd 3AIJ.V13~

217

- . ,  , _ _
~~~~ -. -‘ .  -



0

> 1  1
> I I

~ I I I—
5 / I 2
~ / I LU

_ j I  I
a w l  I
0 /  II,- X LU
I Iz
i ‘ C U  a.

> I I~~> I I~~~I 1 w  ~~~~LU

~

/~~ 
7 W

/ /
I .

I ~~~
a.

I, I < L U
F

N0I1V1fl~0d 3AII’u’13U

2 l i  

,_



I-
2

I I UI
I I
I I a.
I I  0
I I -J
I I UI
I I  >I I UI

I I  0
i i  2
I I  ~~~ 0

0

I I
I I —I
I II I a.

I I  0
/ I a.
I I  Lu
I I  >
/ I I-
I I
I —I
I LU
1 -

U
C.) / ‘-

E Z
Lu 0 ~ (‘4 LU

‘ U >  > . 1 /

0 /  x
Lu

NOLLV1fldOd ~AIiV13~J

21

— .T— — -— — a— — I-I---.— • _
~~ -• _ .r - r - ’ _ - . .- . - .. — .———— .‘— — - -— ‘~~~~r” — - -—-— ..———- —-— ——————



:‘- should also be noted ‘-ha’- in ‘-he cxrerimer.’- ‘-he Gain was observed
‘-o have a duratior.of from 20 to hC se0. This is consilerab ly less than ore-
-Iic ’- ed by ‘-he model. The slow 77 cases ha-I dura ’icn s ra.:~ ing ~‘rom 100 ‘-o
300 j .sec and the fas’- 1/I T cases from ~0 to 200 ~ s-cc.  These fac th indicate
that the model is inadequate in -Iescr ihic~ th e  rapid re’iis ’- r ihut ion  of the
prLmi”i-re dis ’- r ihu ’-io n on short t ime scales. The s ’- ron~:l:r musnped -r = 2 oo~u—
a’-icc re~r .ains ‘-cc high ‘- cc 1on~ , and ‘-he ‘r = 1 population remains toe low

(~‘ela~ i’rely ).

The s’-rcng influence of ini’- ial i-a’ ccc’ -~ninat ion must be no t ed. In some
of ‘he e:’~ erimen s there was ari apparen’- prereactior. result ino in small ccc-
cen-ra’-icns of ~~~~

‘ a’- ‘-he ‘ - m e  of the pulse ici’-ia4 ioc. To assess the possible
influence of such }

~~
‘, ‘-we ccn~arable cases were rin for ~~ n condition 03

(o . ~ 
torr -L~, 1.0 torr 2t~) .  In one case no :~‘ was present  a’- i n it i a ’-i on, and

in ‘he o ’her 0. 03 4-crr was present . This represen ’- s 3~ of the maximum
ressible F ’ . The resul’s are summarized in Table 19. We see tha  the

effect is cuite drarr.a’- ic . Far smaller concen ’-rations of initial HP ccu.ld
:trcndu influence measured gains and render conm arisons ‘icr:,’ d i f f i cult .

A f Inal ccr~ arison was made ‘-0 see if the  mc-Iel could properly predict
re-.’Is as the mixture of H~ and Fc was ‘raried. The comparison is shown in
Ta~1e 12. The model Ices qui’- e well in ‘-his respect , correc ’-ly rre-Iic ’-iny

- which mix~ure woul d give ‘-he hi~ hes t Gain. The only large discrepancy is
for ‘-he h:.-drc~ ec rich case (i.o 

torr 112, 0.5 tcrr F’2) ,  but that niGh’- be ‘-he
result of scm e HP contaminant in ‘-he exoerimen ’-.

All. in all i’- appears tha’ ‘-h-c relaxa’-ion model -does an adetua ’-~ •~cb cf 
ri’sra’ ional dis~ ributionz and ne’- vibra’-ional eners’-,- loss in. non ’-

cases . Hcweuc r , over short t ime scales the mo iel does no ’ Iu~ 1icate t he
rar~. 1 re-iL: ’- niL’i ’ion of 1ibra’-ional ~o~ula’iocn ‘-ha’- is arnaren’ in exoeri-
meet (fiow tub e arl nulsed f1ucrescenc o~~. This in-iic -a~es tha’- a he’ ‘-en 77
mc - i - -1 , inc1u~ in~ mul ’-ip l .c—:’.iar.’a ‘- ran~ i ’- icn s  i.~ ne~ d-~~ to provi-le th e  r ar i l
redic ’-r ihu ’- ion w~Ile avci-Iie~ ‘-he problems of attharncnio punmin~ e’ri-bcnt in
:in~~.e ~‘san’-ur~ “ i-~1s.

‘ss”- n-crmcr~’, over lonGer t i~ - scales the ne’ 1cr.: of vibra’icnal ener Tr
is c~~carscna 11r over rr ”d ic ’- -cd . This  implies ‘-ha ’- a rorn ewha ’ clever 7-T ra- -c
nc-Id mi -~h ’ be a tnrc~~ria ’e alo’i~ w i ’ -h  revisions ‘-c ‘The 77 mo-lol .

Oer 2ornance Calcu.la’- ion.:

-Gille ‘-h- c ra ’- -~ macka~ es emmlo~.r e-I in t h in  r ’-U-It t t a’r no’- he the  1ar~ won I
w~ -h r~’ yir -i to ~~~~

‘ h-am k in e ’-ic .:, i’- is of ir ’- er ec ’- ‘ c :ee what in f luence ‘-hey
r’~a~: ha-re cc er- ’-~ir tons of laser oerfoim~ance.
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TABlE 19. P1~EDIC’~~D -GAIl-I

Influence of Initial HF

Mixture: 0.5 112 1.0 112 )d.5 Ar

Gain (%/cm )

Line No Initial HF 0.3 Torr HF

1P2 1.10 Absorption
1P3 1.25

1.07
1P5 0.71
1P6 0.37
1P7 0.15
2P3 3.70 0.0027
2P14 3.10 0.0035
2P5 2.00 0.00L~1
2P6 1.02 0.QQL~7
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TABLE 20. C0~~ ARIS0N OF PREDICTED AND IvEAStJRED GAfl~

Mixture Variation
Line 1P~4

&periment dodel
Mixture Pulse En. Gain Pulse En. Gain

(J) %/cm (j )

0.2 1.0 F2 .12 1.01 .13 o.a6

0.5 H2 0.5 F2 .11 0.514 .11 0.145

0.5 H2 1.0 F2 .11 1.140 .09 1.10

1.0 H2 0.5 ~2 
.08 0.09 .10 .62
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T’~c :e~ c of ra ’- -cs were used for ‘-h-~ :aieul a ’ icc s , in  :n~~~-c-I ar 0 an.
Th-cse are ra ’--cs desigriel  ~-o g ive the  best overall fi’-.: ‘-o both ‘-cc :‘lcw ‘yne
an-i Du.lsed fluorescence ex~erinents. The cc ’- ieci:-ia ’-ei as C na’r be russna—
nized a: follows:

CI” Hot r~~ction rate = 0.9 x nominal

(2) Cold reac’-icn ra’-e = 1.5 x nominal

(~3) ~ slticuar .ta V-T deactivation scaled linearly w i t h  ‘r

(h) 2 ingle quantum Sharma-rncdel VV exchange scaled with .

(s) :~i a’-om deactivation scaled according ‘-o ‘-he measurements of ~o’-t.

The set designa~ed C— . is identical exceot the V—i s cal ing is linear with -r.

I’- was firs’- of ic’-~ rest to assess t h e  influence of the new rate rackaGes
on ~re-d i-cted terfonsance of cold reaction lasers. 3-emrle condit ions of
calculations for the long-range cold—reac~ icri laser (n a -r ix  hole nozzle ~~Cl~
are zi’ren in Table 21. The resul’-ing calculaticns are summarized in
Table 22. We see ‘-ha generally l i t t le chan~ e in ‘-he pred ic ted lacer cu-
ru~ resul ’- s f rom use of the new ra t es. The larges ’- variation is be ’-weec -h e

~~ V—i models fcr ‘--he 5 torr case. This is an ind icat ion that  t h e  “-V mo-del
selected can strongly influence power ex’-rac ion ~rc-dic~.icns , even if then -c
is l i ”-l e  apparent difference in. unloaded ~c~ula’ior. —si.: ribu ions .

-~~ comParison was also made w i ’-h .  some calc’sla ion.: ere-ricusi:.’ nerfcrmed
under a r].f . Ai~~r sponsored chain—reaction ‘Ieccnc ’-ra~ ice con rae ~F ’e f .  33~ .
2’-~rc cane.: 1-’. rarticular were considered : (1) The ini’-ial Ins ire rein ’-, and
(:) a la ’-~’r , —‘c’-~ rnaii - in poin’-. The icr’s’ cc-; iTh ion, for ‘ h e r e
are siver’. in :ables 23 ar,cI 2L. The resultin: r’redicti-sn: ar-a cI;own in,
25 and 26. These calculations are admittedly o n t h r is tic since aeroj.,’ncsii.:
and optical effects likely to degrade perfo~ nance are not adequately included
in the model . Even so the predicted perfoi~ ance is in the ran -c whi ch renders
the chain reaction at best marginally competitive with the cold reaction as
a ase r  - smnin - :nec~:anisrs.

~3. :~~ ler, 2. H., et al., “Demonstration of liP G:ain ::eactTh:s aser,”

~~-f Thchnical Oce ort Rh~ CF ’_ T5_ L , JiTIf , a:t .-iart:’-cr-~i , 2 , JuLy 1-
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TABLE 21. flIPUT COND ITIONS - LONG RANGE COLD RE ACTION LASER

= 0.90

He = 0.157

p = 1.0 , 5.0

= 0.003 cm 1

L = 0.1514, 0.77
Constant Pressure Option

Cavity Entrance Conditions

Primary Secondary

XHe 0.15652

0.114311

0.00626

X
F 0.11271

0.53111.0

u (cm/see) 11143145 36148145

T (~~K) 268 3 9

22 ~

_______  

- - . ,
-

- - -
— :_

~~~~2 _ _ _ ’ ’  -



TABLE 22. PR~~ ICTED PERFORMANCE - COLD REACTION LASER

Case Rate Package X
L
_ cm 

~—J/g (kJIlb)

p = 1 Nominal 0.79 723 (329)

C 0.77 7114 (325)

CF 0.71 686 (313)

p = 5 Nominal 0.66 271 (123)

C i.18 381 (173)

CF 0.78 275 (125)
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TABLE 23. L\IPTJT CONDITIONS - DES ION POTh’I’
CHA2~ REACTIO N LASER

~ 0.05

He = 0.85

p = 2 0 t o r r

= 0.001 cm~~

Lm i x  = 5 cm

C o n s t a n t  P r e s s u r e  Op t i o n

Cavity Entrance Cond itions

Primary Secondary

X11e .63512 .21173

:
~F2 

.07098

X F .00714 7

X E2 • 0 ’ .T 3

u(cm /sec) 212000. 212000.

T ( ° K )  150 T5



TABLE f~~. ThPUT CONDITIONS - REPRESEITTAT 171
CHAIl~ REACTION LABEl

= 0.10

lIe = 0.925

p = 20 torr

= 0.001

= 10 cm

Constant Pressure Option

Cavit y Ent rance Corid i~ ions

Primary Secondary

XHe .69375 .23125

.03-04-3

::r .00682

112

u (crn/sec) 226600

T (° K) 157 ‘75
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TAB LE 25. PREDICTED PERFORMANCE - DESIGN POUT

CHAIN REACTIO N LASER

Rate Xi- a
Package cm J/g, (kJ/lb ) V

a
> 

~

Nominal 22 1012 (1460) 0.39

C 20 572 (260) 0.21

CF 20 1480 (218 ) 0.28

TABLE 26. PREDICTED PERFORMANCE 
— 

REPRESENTATIVE
CHAIN REACTION LASER

Rate LL ~~~
- a

Pa ckage c m - ..~ J/g , (kJ/lb ) V
a ~

:;ominal 30 1475 (2k 0.38

C 30 ?vs (125) 0.15

29 17~ (70) 0.19

S

22~
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see wh-c-hnr a more ccrsp e ’- iti ’r n c -cc f -nc -n - i i ’ -± on s cccl i be fcu’c i ftr
‘-he chain reaction , some condit icns were used in calculations c’rer a r-aru-~’e
of higher pressures (‘-c aid in recovery). The input conditicr.s for ‘-hese
are shown in Table 27. Included are corn-c flucrine rich case.: rnfle-s-ic .’ the
-c~~erimen~al observation t-ha~ the:,r produce the bent gain. The resul-s of
these calcula ions are summarized in. Tables 23 and2n . We see that,
on rarer a- least , hi~her pressure rerfo~ nance, nsreciall:r fluorine rich ,
m e-ri-le n nor-c favorable oerfo~~ ance from the chain , in -Iica~ inn  -a possi’c .e

in which s’sch las-~rs mi;;ht ha-re scm-n creciali:-?’i arnlioa icnc .

Discussion

Chemical Reactions

Some difficulty was encountered in trying to find a set of chemical
reaction rates that would fit both the flow-tube and the pulsed flourescence
data.  The flow-tub e results implied somewhat lower rates than did the
pulsed-flourescence data.  While some systemat ic error or unaccounted for
react ion mechanism might explain the differences , we were unable to find
a sa t i s fac tory resolut ion to the discrepancies . Consequently a fair ly wide
range must be applied to the values for the rate coefficients we have
evaluated . For the hot reaction we find over the range 300 < T .~ 380°l’

= 1.8 x lO~~0 exp ( -2 1400/RT) cc/molecule-sec

with an error band of ± ~4O pe rcent . This is 90 percent of the nominal value
of Albri ght ,et al. Because of’ the limited temperature range , no conclusion
could be drawn about the temperature dependence of the rate, hence Aibright ’s
value has been used . ‘7-here is a wide enough range in temperatures , however ,
to require the inclusion of temperature dependence in order to achieve a
realistic fit to the data .

For the cold reaction we find that

k = 14.0 x io~~° exp (-l600/RT ) cc/molecule-sec

.4ith an error band of ± 35 percent . The nomina l value of Homrnann ,et al.,
lies at the lower end of this range . Again , no conclus ions could be drawn
with regard to the temperature dependence.

:n the pulse experiments , very fast back reaction rate coef f ic ien ts
‘hat would be most important in the higher concentration cases (A, B , and C~
am ! th e se  with znron;er upper level populations (c and F) -n~-n be i f lVeknd ‘o

22~ 
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TABLE 27. INPUT CONDITIONS - CEAfl-I REACTION
PRESSURE VAR IATION STUDIES

= 0.05

p = 20, 60 torr

= 0.001

Lmix = 10, 30 cm

Constant ?ressure Option

cA~J I T Y  ENTRA7 CE oOrTD :T :C 0s

ase - 92.5~ He, F2,/H2 = 1

Primary Secondary

~He 
.69375 .23125
.0 3393

F1 .00357
X112 --- 0.03750
u 226600 195770
T 157 75

fase - ?5~ He, P2/H2 = 1

XH e .7125 .2375
.02262
.00238 - - -

.002500
u 226600 195770

157 75

Oase - 3~~.7Y~ He, F2/H2 = 2 (
~ = 0.025)

.55425 ~ .23125

~F2 .071143
Xc .00357

— — — 0.0375
1~~57’7O

L57 7’S

2~ C

t — -
~~~~~~~
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TABLE 28. PREDICTED PERFORMANCE -

EFFECT OF PRESSURE VAR IATION

Rate p X L C ~~~>3 p Te
-Case Package (torr) (cm) (J/g) 

~ (to~r) ~HF (°!~) M

92.5~ He C 20 56 229 0.20 714 0.88 808 1.148
60 18 286 0.21 220 0.89 872 1.143

?5~ He 20 13 114. 0 3014 0.05 165 3.15
60 148 128 0.32 250 0.93 6514 1.58

92.5% He CF 20 51 136 0.27 95 0.62 6114 1.70
60 17 202 0.29 292 0.61 693 1.60

95~ He 20 20 13 0 306 0.05 165 3.15
60 39 77 0.146 289 0.75 561 1.60

TABLE 29. PREDICTED PERFORMANCE -

EFFECT OF FLUORINE

Rate P XL a av>3 P0 Te
Case Package (torr) (cm) (J/g ) a ( tor r )  ~‘HF ( °11) M

12 /112 =1 01 20 51 136 0.27 95 0.62 ~~ 1.70
60 17 202 0.29 292 0.el 493 1.40

20 33 3141 0.36 96 0.85 73- 3 1.70
60 13 321 0.38 337 0.49  5-32 1.65

2~l
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ex clain  t h e  anomalously fast  reaction rates seen for the lower concentrat ion
cases (D and E). 2ut that would require correspondingly faster forward rates.
Furthermore the back reaction rates now are already taken to be nearly gas
kinetic for the higher vibrational levels . While there is not enough firm
evidence here to justify support of such a possib ility, it is perhaps some-
thing that bears further study .

Supplemental chemical reactions were not found to be important . Hot
atom effects could be important in specialized situations used to create
F atoms and might come into play in pulsed devices. Such a situation could
best be handled in a model by appropriately modifying the initial F atom
concentration to reflect additional dissociation from F*_F2 collisions .
Any hot atom effects arising from the chain reaction are likely to be masked
in the overall hot and cold reaction rates. In the highly dilute cases
te sted here , such ef fects  would be minimal . Less dilute s i tuat ions might
result in slightly faster effective rates (Ref. 314).

Wall interactions , w h ich are highly specific to individual devices ,
can in some cases be important. At the very least in these experiments
H-atom loss appears to have played a role iii the flow tube and possibly
also in the pulse cases (to help explain the lessening rate of reaction
at later t imes) .  In any case care shoul d be taken in evaluating any device
to assess the influence of the walls if possible.

The ci~~rently recommended chemical reaction rates for H2-F2 chain
reaction lasers are listed in Table 30.

7iorational Deactivation

Since there are so many potential transitions invol~.rinR HF vibrational
states a:.o since there is a fair amount of’ error in any experimental measur e-
ments , r.o set of rates that might be proposed is necessarily unique . Widely
di-;e~’;ent approaches as to which transitions are important can lead to equally
os-o d f i t s  of the available data.

In tn i s  trooram we have taken aporoach that assumes V-V interactions
to be relati-.-ely unimportant f-or upper vibrational levels , w h i l e  .~~ _ T deac-
ti-ration scales w. rap idly with increasing vibrat ional  level . For suc h a
model we find rel atively cood agreement with the exmeriment al data. Some

t~.e sa lj er ,t  f-~~tures ot ’ t - .e model are sums:ari:ec bel ~w.

:~ llivan , J. 1. and i— . C. ~e:er, ‘ The h ine t lc s  of an 2~~ 2 iC-nlco ion as
1r .it a t e i  by a i-~ Lse of Flu orin e Atoms .‘ Fenort LA—5141~- , Los -~lasno --

~a. - r a tc~~r . ~oo -~~anc:.  :~ - : ,

22



TABLE 30. RECOI~€ND~D C~~~4ICAL RATES

Ivkf
H + F2 HF( ’i) + F = -98 kcal/mole

= 1.8x l0~~
0exp (-~14cc,RT) cc/molecule see

kb =2.96 x 10
_il 

exp -(lOO14oc - E
~)/RT: cc/molecule sec

v = 0, 11) = .012, .027, .033, .039, .1314, .26-5, .298,
.134, .o58 , 0, 0, 0

f,k~.
2. F + H -

~ EF(v) H = -31.6 kn al/mole

~f =~~.0 x l0~~~ exo (-1400 , 11T) - /nole:-sle

-

‘ ~b ~~~~ ~ 
1 lC 

(3 200E)/RT - r r , m c 1 ~ cule ccc

v = 0, 11) = 0, .16s9 , .557 14 , .~ 78 7, fl , 0, 0, 0, 0, C, 0, 0

Optional

3. H F + ~-1 -, E5 ’(O) -‘- M 211 = -129 .o k -al/mole

-~ 0 - 1 0= 6.6 x ~T T

= 7.78 ~ ~~~ T~~~
0 exp (-129606-,RT) c~ / moi-- s-1le see

-~- . F + F 1-i -‘ F~~~+~~-~ J i = - 3 7 . 7 k-s a1, m-o1-~
—~~~~ —1- ~ 2 2

a:. = -4 .99 x 10 T , no1e~~ulo ce~
.-11 - -~ -= ~~~ -~~ :v ( — 1- ;:~~) ~ ll-~

5. F~~~ E~~~~ i —‘ H.~~+ M

- -~~~~-, , -;c- -l -)= ~.(5 :c iu. T CC 1 rnJ I 12 sec

-e -1= v . e  x it- - T exp (-i- -t~~~ , FT) l~- ’ ~ Ie
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T. -.BLE . i 1MEI IDED CHF~4I-7’AL r-i~~ s (COi~~’D)

~~~. 112(v > 3) + F~ -, HF(O) -s- OF 121 37.7 kc-a 11no1-~-

k f = 3.5 x bo~~~ -cc 1 molecul’- see

0

� + - HF(O) H + F = 5.82 kcalj mo le

-19= 8.0 x 10 cc/molecule sec

k’4) — S

3. F2 
+ F~ -, 3F ~H = -7 kcal/mole

= .7 x l0~~ cc/mo lecule sec

= 0

. F~ ~~ -* F + Ar- ~H = -44.7 kc al/mole

-10
k~. = 3 x 10 cc/molecule sec

kb = 0

12-. F~ 
+ He -

~ F -
~ He 1.11 = -144.7 kcal/nQle

= 1 x 10-1c -cc/mo lecule see

kb = 0

r e act i on s  3-10 have been use-I as an upper limit on hot F aton effect s
in low diluent cases when F atoms are generated by a doubled ruby laser
pulse. It has been assumed that in each dissociation one atom gets all the
translational energy (i.e., half the atoms are hot — T 15000°K). :t is
assumed that F~ F2 collisions have a 50% probab ility of dissociat ing the
F2. The rates for thermalizat ion of F~ assum e It requires 5 collisions with
Ar or 10 wit h He to reduce the F atom translational energy to a val-o e (~~l50O°K ’~
at which enhanced -- i icsocia t icr .  would be min imal . In an ’r situation in which
the ir.itiatlor. of a pulse-I laser might produce hot F atoms , a schem e of t h i s
s- rt ( -r nor - :-:rr t~ -ca~ e t ~ -~~;h~ be r- -~ u~.r ’e~ t~ ~~~~~~~~~~~ nc-tel ~b- ~
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V-T deact ivation of HF is treated as a multiquanta process. All tran-
sitions from a given level to lower levels are taken to have equal probability.
Each is scaled linearly with vibrational quantum number . Upcer level rate
coefficients can thus be evaluated by scaling the best literature values
for the 1-0 transition . An alternative approach that also gives good ceneral
agreement with these experiment s is to treat the 7-T deactivation as singl e
quantum and scale upper level rate coefficients by v2

~
3 . Such an approac h

would be easier to implement in existing models.

With such fast V-T deactivation , the influence of single-quantum 7-7
exchange is not as strong as originally thought . Here we have modified our
existing Sharma formulation by scaling with ~.l/2 rather than v. An equally
good alternative would be to use a constant probability for all exothermic
transitions . The probabilities for endothermic transitions would be found
by applying detail balance. The appropriat e rate coefficients would be
obtained from measurements for lower level transitions (Ref ’s . 5 and. 36) .

Li r ect as sessment of H-atom deactivation proved difficult as the tests
were too strongly influenced by differences in HF self deactivation . In
the absence of convincing contrary evidence, Fl-atom rates scaled to Bott ’s
measurements are being employed .

A summary of rates that gave the best overall f i t  to the vibrational
population data within the constraints of the model used (in particular the
limitat ion to single-quantum V-V exchange) is given in Table 31.

While the above described model gave fairly good general agreement
with experiment , certain shortcomings were evident . First the model does
not appear to adequately describe the rap id readjustment of p r imi t ive
vibrational distribut ions to nearly Boltzaiann distributions. Also , a “ knee”
which is not evident in experiment , appears in the predicted vibrational
distributions for v=5 and v=6 that tends to persist regardless of’ how the
various rates were modified . Finally there was the tendency in some fl-ow-
tube cases (3,14,5 and 6) to underpredict the populations of intermediate
levels (v = 2-4 ) during the latter stages of the flow .

35. Airey , J. F. and I. W. 1. Smith, ‘ Quenchin: of Infrared :hemll-sminescence
Rates of Ener~~r Transfer from HF (v ~ 5) to -202 and HF , and from CF (v ~
to I>  and HF ,” 5. Ihem. Phyc., 57, 2 9 ,  1972.

3~~. o~-e~ ood , 7 . - ., et -ii., ‘11eacurements of’ 7—7 ~cchanse Fates for Txci t -3 4
ViU rational Levels (2 ~ -r ~ 14) in Hydro :em Fluor~ -ie “as ,” 5. hom. Oh: : . ,

, : 1 4 1 4. l - ”14.



TABLE 31. REC0~~’ENDED CHANGES 10 ORIGINAL
V~~RATI0NAL RELAXAT ION RATE PACKAGE

I. V-T Multiple-Quanta Transitions; v -
~ v-n , n arbit rary

A. For H and F Atoms

k = aT b exp( -c/RT ) sec ’ atm~~v -‘v
( Note values for a in following tables are multiplied by l0_ 12)

H atoms F atoms

a b c a b

v=l 0 .06 1.275 1172 29.87 1.746 3099

v=2 0 .04 5 1.084 896 0 1 1
1 .0046 1.201 722 27.26 l.7C~ 3077

0 1.88 1.063 761 0 1 1
v=3 1 1.36 1.078 675 27.89 1.757 3715

2 1 80 1.09 889 143.2 1.7214 36145

0 7. 16 1.3214 806 0 i 1
1 .32 1 .91 635 3-0 1.75 3700
2 .608 .966 667 66 1.7 36CC
3 .786 1.001 519 100 1.7 36CC

O 4.63 1.234 636 0 1
1 1.92 1.1149 610 30 1.75 3700

v=5 2 .967 1.0143 711 33 1.7 3700
3 1.53 1.058 668 ito l.~ 37CC
14 1.06 1.047 527 165 1.7 37CC

0 3. -a 1.189 620 0 1 1
1 1.)- .537 3-C- l.7~ 37-2 6-
2 1.97 1.155 751 1.65-6 3510

V 

.32 1 1.01 o71 oO . 14 l.:~~ .
4 .~~h 1.0 11 ~~-6 icC 1.7141
5 4.41 1.222 eOn 226 1.712 3c1414

- 
~~~~~~~~~~ 
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TABLE 31. BECO~~ENDED CHJ~NGES TO ORIGINAL
VThRATIONAL RELAXATION RATE PACKAGE (00-IT ‘D)

H atoms F atoms

v t a b c a b

— — — 0 3.62 1.0 600 0 1.7 36CC

1 1.81 1.0 550 330

2 1.81 720

v = 11 10 9 8 7 3 1.09 670

14 2.18 600

5 3.62

— 6

- 7

8

___________________ 
0

10

B. All Other 3pe:ic-s

=
as given in Appendix CI 

- -

(alternativ~ - sin~ 1-~ quantum vith k ,~~_ 1 =

237
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TABLE 31. REC0~~~ NDED CHANGES TO ORIGINAL
V~~RATIONAL RELAXATION RATE PAC KACE (ccr~ ‘D)

II. V-V Transitions

~~~~~ 
=(~~~ )

2

( 1 :~i~~~~ 
2~~~~ K

where K 0.8 x 10~~~*

(Alternative - ~~~~~ 14. 14. K for all exothermic

reactions)

This value l- selected. such that the transition (0,2) -~ 
(i ,i) has the

value recommended by Cohe n (Ref .  30 )..

23~

‘~~~~~ . - - .  
-
— .‘-.



Such problems illustrate the need to further improve the model . One
such approach would be to employ arbitrary scaling of the V-T rates (e.g.,
a bit slower for v = 2 through 14 and faster for v = 5 and 6), but that woai 1ihe
tedious with little chance of general aPplication. Arbitrary changes in
the single-quantum V-V rates tend to introduce new problems while alle-
viating old ones . For example , faster V-V rates, which would help provide
rapid early adjustment of primitive distributions, tend to depress inter-
mediate level populations and enhance upper level populations too much.

:t appears, in retrospect , that a new mechanism-- namely mu1tiqu~nta
V-V exchange— will be required to improve theoretical predictions of
vibrational distributions . An approach assuming multi -q -oanta ‘27 exchange
in conjunction with less strongly scaled VT interactions has been proposed
recently by Clendening,et a.1., (Ref. 37). This approac h , based upon
surprisal analysis, provides a rational means of evaluating all appl icabl e
transit ion rates.  A model such as this should be applied to these experi-
mental results in the near future.

Chain Reaction Laser Performance

Performance calculations wit h the new rate package do not ind icate an
optimistic future for the HF chain reaction laser, in basic agreement with
the findings of Clendening (Ref. 33). However, it appears that a hig h-
pressure fluorine-rich operating condition can provide reasonable performance
that night be useful in some applications . Such a possibility should be
examined in more detail .

1-7. 21cndenio~, 2., et al., :~~f-: rnation Theory Analy :i o: :c:~ -t i - -at i o n
7 ate: in hemlcal Later:,” AE~ L—i’F— ‘-:~~1Lb . b i r t2a r~d A:T7 , 77, 1 -7’:.

-3. 2lendeniri :. C., “ urrent Ftatuz of HF~~ F 2 ha in 2 er: -:al L at er . ’
A;-CL- :o- - _ i - L . VL~-r 2- ~ . j~~, :2-: . ~
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SECTION V . ESR TITRATION E(PERL-~~CT

Summary

It is shown that t i t rat ion of F, F2 with HCI is described princ ipally
by the reaction , F HOl ~ ~~~~

‘ Cl. Accordingly, F concentration may be
determined by titration of  F with a I~iown quantity of HC1 and a measurement
or’ 

~~~~
‘ concentration. The required HF concentration ~ay be determined by

laser optical absorption methods (Re i’s. 39, 7). The F concentra t ion is
relevant to understanding the governing reaction sequences in HF/DF chain
reaction lasers (Ref. 4o) . The conclus ion concerning the above reaction is
arrived at by observing the effect of HC1 titration on the intensity of an
F ESR (Electron Spin Resonance) signal, the intensity being proportional to
concentration. It is found that the intensity decreases linearly with
increasing HC1 flow and that 1.07 ± 0.12 HC1 molecules are re-;-~ired. to
remove 1 F atom. Since the flow contains F2 as well as F, these latter
results demonstrate the lesser importance of competing reactions , 1ii~a Cl
F8 ~~~ C1F + F, to the titration method of F concentration determination.
7ith regard to the latter reaction, present results verify that the rate
constant associated with it is small, which is a conclusion reached, by
others earlier using a method different than the present one (Fe~’. 141).

Introduction

In ord-~: to verify that HC1 titration of F is d~scribe-i by F

~iF + Ci , without significant interference from compet in :  reacticns . it it

~~~uire d that the relative amounts of F and HOl a:-e ~~ -ii at the t it ca t io n
:egi~n. Tin-:e the spec ie: no-ie In a flow tube , the flow rat-es in (b r: :2
sec~~~) are compared , th~ latter unit being proportional to the nember of
mol’--: eies (o r  at :ms ) pass ing a civen cross section of the t ib-~ per  ‘onit
irt-~~’za1 t f  tim’~.

~~~~~ 
Bon ezyk , P. A . ,  “Det ’-~rr i ination of EIns t~~in A and. Linewidth D~~ ’~nJ’ n~e
tn Pressur’~ :Thr 3. 14, m DF Spectra. I. 2Lt01 -D t i t n  OIe a :aryrnr--nt s  :‘o: P -i r e
DF , ” Fh~u. Rev .,  IIA , 1522 , 1973.

- 7r~n:in , 3. , Fii’te~~-1tri 3ympos i-un (International) -in C-ombiic t i-on ,
2on-~e : t ion mo ’. it~~t- - , P i ’ t : bu rgh , 1135_ 950 , 19’ 14~

!~~j. 2an~~ ii , P. 3. and M. ~2i~~fm-an , “The FatE- of Homc gene -o~j : ~-- :omb inat ion

~f uluo~~ine Atoms , ” Chem. Phys. Ii ’tt ., ~1-, 221, 1)T° . 

- ‘. . -
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The F concentration nay ‘be determined from intensities of F E2R spectra
provided that calibration of the ~~R spectrometer is done first with , for
example , 0- . The use of 02 for calibration is known from earlierw:rk~ y CJitee
(Ref . - . 2 )  wherein a linear dependence of ESR signal intensity on O~ pre s su r e
is demonstrated .

The relationship between species partial pressur e and ~~R s ign al inten-
sity is contained in (Ref. ~3)

P
1 

= ~~~ Q.j(fJ X~d.H) (II)

I n  Eq. (11), F1 is species partial pressure , k is Boltzmann ’s constant , T
is the ~as temperature, h is P1-anck ’s constant , v is the ESR transition
In Eq oation (11), F 1 is species par tial pressure , k is Boltzmann ’s constant,

the gas tenperat re, h is Flanck ’s constant , ~ is the ESR transition
frequency, ~ is one Bohr magneton, Q~ is a dimensionless quantity appropriateto species i, f is a spectrometer factor independent of 1, ‘ i .’ is the
ina~inary part of the complex molecular suscept ibility , and ~ is the variable
external magnetic field strength. The quantity 1~x.”dH is in principle
calculable, being independent of f. However , A

~
°=

1
fc
’
~~

”dH) is osed herein ,
which is the area bounded by 

~~~ 
vs H , and is referred to as the ESH signal

intensity. Accordingly , equation (11) may be rewritten in the  f : r n

~ 
2~~ T)~~~~ 12 )

i h~~ 
1 1

A~p r p riate expressions in the case of F and 02 are

2(kT)4 .= ~~A-, (00 )

P - ‘-
~
-
~~

-‘-
~~ A

3 . 
- 

h’~ ~0-~ 0 
-

--e~~~ti~ r, (13) ty e~~ia- i~ n (11 ) ani solving :0:- C~- . it :~~11v

( i )
- U_- ’ ~-:J ,~

. 
- ‘Ji t-~’- , . J. , “ L~- t -  r~~-7na ti~ r, of ~~-: 1it .-:- t:-a~~ onr by - -i:

l~ :tron 2cm P’s-s ~rr~n :~- 2p :tr-;oceny , “ .~~- nl. Ph7:. ~~, ~~~~ , I

.
~~~~. ~

i
~-3 t ~~~~~~-~~~.

- , ~ .A . ,  F ’ ~ , r’-~~o in F’--a- -’i~ ri 11n - tjtt - - h - by H. F.. -T- - : i j . i : --
F. - 

- in iaI!, P ~‘-anrn-jfl P:”gt , IJ’-v - :~~~~, 
‘e i.  T~ i, p. 53,  F : .  ~C .  ~~~~~
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The quanti t ies  F3~ and A-~~ are known from the spectrometer ca l ib ra tion .  The
factors 

~F and are conveniently tabulated in Feference 43. The is deter-
mined from the measured F spectra. Having F F and the F volume flow rate
in cc~sec , the torr cc sec~~- of F -at the mixing region is known. This is
then compared w i th the torr cc sec~~- of HC1 required to extinguish the F
signal.

Apparatus

A schemat ic of the apparatus is given in Figur e i~~9. The (~~2 Ar)
mixture is taken from a cylinder in which the concentration of Fo is 10
percent . The volume flow rate of this mixture in cc / sec is meas ur ed at 1
atm pressure wi th  a calibrated rotameter . The pressure  at the 3d -F mixing
region is considerably less than 1 atm owing to flow of the mixture .  The
pressure is determined by interpolating ‘between values read from two Foordor.
type gauges placed upstream and downstream from the nixin~~reoion. ?hevoi’ooe
f i -ow rate at the mixing region falls within  the range 112 -to 3- . cc/sec .
The flow tube has a cross-sectional area of 0.5 ‘cm2; hence , the molecular
flow speed is 222 to ~63 cm/sec.

The F2 dissociation -occurs in a microwave discharge with the nominal
frequency and power ‘being 21450 ~-~ z and 100 W , respectively . The dissociation
could ‘be made to vary from 15 to 50 percent while retaining an F signal ,
but data for less than 15 percent dissociation are ~ot o b t a in ab e t w i n e  t o  increased
d ifficolty with the stability of t h e  discharce .

The HC1 apparatus consists of valves to control the 3d flow an-i a
calibrated mast flowmeter.  The :-~ th eson ~1l-5 -C250 meter gives ~Cl f l owr a te
directly . The calibration is checked cef-ore putting the instr-over~: into - se.

The ESR ~.pparatus is a )ariari V_25C2 system. Liotine of its components
is omitted . Additions to the system include electronics for measuring
m icrowave frequency and power , and a C’~ ca ussn e t er  for calibration -of the
ma~ r.etic field sweep.

Results

(a) )- calibration spectra

.-~n 02 line is given inFioure 15-). The s irnal  co rre sconds  to an ) ::-ress-a’e
of 6.°3 torr as measured w i t h  a :1cdleod type manometer. The signal shape is
the derivative of a borentrlari absorption sienal. The derivative fenc t i-cs

is ~ue to 100 HHz rno-t-:l-ation of t~:e variable macnetic field as~~, hence ,
the ab sorp t io n line-s :- :-ape , along w th phas-:-:en~ itive detection ot’ t : : e  ‘es-:It-

-_ 
~~~~~~~~~~~~ - V ’ - ” _,
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/

ing modulated ESR signal. The calibration of the absciss~. in F i o ur e l5o is dose
w i t h  th e  N~-~ gaussmeter. From the magnetic field value at line center
‘(= ol~ -~~~~ and the 2~ 7 ~-~iz klystron frequency , the transition is iden ti f ied
as K = 3 ,  J = 14 , 

~~j  — 
~~~~~~ 

= — 1 4  in the 02 (
~~~~) spectrum . This  line is

identical with line l~ in Table III of Reference C2. It occurs at a somewhat
lower value of magnetic field since the klystron frequency in this case is
lower tha n t h a t  in P eferenc e  ‘.2 .

For tse observed spectra , the small modulation amplitude used re la t ive
to the nominal spectral linewidth permits the absorption lineshape to be taken
as Lorentzian . (For variations of this , see Ref. 142.) Tn the Lorentzian
case , the signal intensity is given ‘by Reference u2.

A ~~ T
(
W~L)I •

~1~ ~~
,j 

~~

In Equation (16), W is signal width in Gauss , L is signal amplitude , S is an
e ectronic-in-origtn signal amplification factor , and V is modulation
amplitude in m s  volts. Equation (16) above is equivalent to Equation (l8)of
Reference l2. The i and L are identical wits A i-i and S~~, respectively as given
in Figure 1 of Reference 42. Since spectra are taken ror different values of S
and V , we normalize all area determinations with respect to S and ‘-/ .

I n t e n s i t y  vs 02 pressure is given in Figure 151. This is the calibration
curve for the spectrometer. In order for the calibration to be applicable
for a longer period of use of the spectrometer , the 02 intens it ies  are
referred to a signal similar to that in Figure 150 but.due instead to a ruby
sample pe rmanently fixed in the spectrometer cavity. By us ing t h i s  s ignal ,
changes in calibration owing to daily temperature variations are compensated
fo r by qu ick reference to the ruby signal rather than re so r t in g  to the more
ien~t hy procedure  of 

~2 
recali’bration . Determination of a typical ordir.ate

value of normalized intensity in Fi;ure 151 which correso-onds to a pressure of
6 .33  torr is given in detail in E~amp1e 1 . The slope of the straight line
in F i ~ ure 151 is 5.113 x l-C~~ t o r r ’ 0 

. Accordingly, the 3~ i s t e ns i t y ws i c n
corresponds to 1 torr ~~ °2 ~~

A = (5.108 x l0~~ )A
°2 ruby t— -

where the resulting A0~ is used inEisation ( :5)  in or-~ero:- Jeternine ?y.
E qu a t i o n  (17) ,  ~ r -oby is -determ ined bya re ationshi:; amoso W , 1, 3 . and ‘ nor -:: -
priate t o  ruby and given as in the  case of 02 by E qua t i : n  (16~~. is this regard ,
see also E x a m o l e l .

~b ’
~ F-spectra

The F-line used in this work was (M 1, M1
) - (~-i~~

’ , i~~~) (~ ~
) -.

for -F . /C) state. This is line “A ’ in Cable 1 , Sefere::-o e -‘ : ~~~~~~~~~~~~~~

t I -As  idenr-if~cation is verified fr-on the r a L u e  of na~ne~ ic fie ll -
~~~ Lin e

- -.--. - . — - - -  
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~(A!~~LE 1

(Clarification of the Ordinate Values of F’i -ure 151)

T-ai-ses of W , L, 5, and V for a r~rn ical 02 lin~ a~ .33 r-orr ‘g --c --r :

U = 11.3 (dlv)  x 1.7214 (~~Iz 1div)  x 0.40 1437 (o[~~z)

= 11.77 G (div = 1 unit of recorder paper length)

L = 62 dlv

S = 262

V = 38.53 mms volts - -

Accordingly, from quation (114) and for this °2 line, (W2L/SV) = [(11.77 )
2 

x 62~x 38.53~ = 0.3508 12 . At 6.33 torr , 9 SUCh lines were measured and
tnere resulted a final , average value of intensity given by, 

~~~~
‘r-r average~ = 0.93 146 32~

For trie ~~by signal , the values o:’ W , L , S , and V were :

U = 1-3.4 (dlv) x !~.39 (~~iz ,div) x 0.231487 (G/EG-iz) —

= 17.12 0

L = 8 0

I
3 = 0. o

7 = 38.38 r . m .s .  volts

Accordingly , the ruby intensity is 
~~2V~ r b = 17~~ 2~~ x 5 o / ~2o .6 ~

2 9 .6 -~ 3~~. The ordinat e of FIgure 151 at ~~~ torr is then sinply ~~~~~~~~~ =

3.93146/25.66 = 31.5 x i~~
3. ‘

- - _- I -— ‘ø~- ’ - -~- ~~~~~ ~-cr_-~-- - -. - - rr~r’ • — — - — - _  -: — — — — - —-  ---—--- — - —~--~1~ — —



center and the measured klystron frequency. A representative F-line is given
inFig’ire 152. The area computation applled to it is id e n t i c a l  in p r o c e d u r e t-o
that given for °~ 

and ruby above. The signal is appropr ia te  to  an F p ressu re
of - ? . 2 3 3  t-crr. The details of this computation are outlined in Examçle2.

F’-~-3Cl) — spectra

The effect of HC1 titration on the intensity of an F signal is shown in
Figurel53. The HCL is introduced into the flow tube through four 0 . 5 m m d i a holes
in the wall of the tube and at a point 12.5 cm upstream from the microwave
cavity. The data of Figure 153 correspond to an F pressure of 0.233 torm at a
flowrate of 33 14 cc/sec , which yields 0.233 x 3 1 4  = 78 r torr cc sec~~] for the
F “flow ” at the mixing region . From the 77 [torr cc sec’lJ 3d “flow ”
required t-o extinguish fully the F signal , it follow s t hat  77 ’73 = Q~~O’~ 301
molecules are required to remove one F atom from the flow stream. The linearity
of F signal intensity wi th  I-iCl flow and the above r a t io  of nearly un i ty
validate the reaction HC1 + F — HF + Cl and , moreover , the linearity excludes
the significant presence of interfering reactions like Cl F, — ClF F.

~Ref. 141) Table 32 summarizes titration results for varying ~or.diti-ons of
F and MCi flow.

Conclusion

Table 32 results and the linearity of F signal intensity with HCi “flow”
demonstrate that the governing react ion is MCi + F — HF + Cl and , therefore ,
that HF determination by absorption of light measurement gives the F
concentration .

k
The rate constant k associated wi th  MCi + F — HF Cl was determined

earlier from the decay of HF chemical laser signals and was found to  ‘be k =

1.5 x 1)- i r en t mole~~- sec~~ J (Ref .  ~~~ The rate k’ associated with dl -

F, Cu F was determined to be k’ < 1 x 109 ~cm3- mo1e~~ sec~~~ (Ref. ~~~~
Hence , these latter results are consistent with conclus ions reached herein.

-+
~~~~. ?:omp a , ~K.  I. and J. Wanner , “Study of Some Fluorine At--on Reactions ‘s ing

a Chemical Laser Method ,” Chem. Phys. Lett ., 12, 560, 1972. 
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EX.ANPLE 2

(F-, Determination for a Typical ~ase)

For Figure 152 and ~ - other similar lInes , it follows that (~~7—)
0.3736 32~ Since the ruby intensity was ~ )ruby = 29.O’t it follows
that  the  0~ intensity which corresponds to 1 torr of O~ is

= (5.108 x 10 0) x 29.08 = 0.11485 G~ .

Next , ~ t follows from Equation (13) that

2.1l4- 0.8706 -~
= 1 x 58.6 ~~ 0. 11485 

= o.sJA Torc

whe re values of Q, and Q. are taken from Reference 143 .

SF above is the pressure at the mi-orowave cavity, othics is 12.5 on
downstream from the region of MCi mixing. What is required is pressure at
the mixing region . In order to correct P~, to a point 12.5 cm upstream frcn
tn e  cavity, measurements of F intensity v~rsus cavity-mixing separation are
-done , which give a 9 percent dec rease in F intensity in going from the poir.t
of mixing to the cavity . Applying this correction , the F pressure at the
ocint of mixing is 1.09 x 0.2114 0.233 torr.

250
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APPF2L IX A :  Nol-TIAL RATE PACKA IF

Chemical Reactions

The possible reactions included in the model and their associated rate
coeffic ients  are listed in Tab le Al. For the cold reaction (1) the reaction
rate used is that of Homann (Ref.  21). et.al . The reverse reaction rate , and
that for all reactions (unless otnerwise stated) is evaluated by us ing equili-
br iom constants derived from the JANAF Tables (Ref. Al). The division of products
between thermal atoms , H and hot atoms H~ is arbitrary. The vibrational pro-
duct distribution is based upon the work of Jonathan, et al. (Ref. A2).

The “hot ’ reaction rate (2) used is frcm the work of Albright , et al.
(Ref. 20), and the vibrational distribution is from Jonathan , et al. (Ref.
A3) .  For reaction (3 ) ,  the “hot ” reaction with hot H atoms . Aibright ’ s
e~~~ression is used , ‘out with the ass’cmptic:i of no activation eners:- for the
forward react ion.

Coup led a-12h the hot H-atom react ion is :ne deactivation of the hot at:ns.
reaction ( 1 4) .  Here the assumption is made tuat the loss rate of hot H atoms
tc- thermal H at ms occur s at 10 perce nt of tne collision rat e of the atoms with .
other gas molecules.

The chain branching reactions . (5)  and ( 6 ) ,  have rates based -o n the -~;ork
of 1~~~1ivan , et al. -‘Ref.  II).

Al. St-~l1, D. B. and Prophet , H . ,  Project Di rectors JANAF The rmochemIcal Tab 12s.
2nd Ed. ,  U.S. Dept. of Commerce , National Bureau of Standards , June 1971.

A2. Jonathan, U., et al., “Initial Vibrational Energy Level Distributions
Le termined by Infrared Chemiluminescence ,” 1-lo l. Ehys., 22, 3d , 1971.

A3. Jonathan , N . ,  et al ., “Initial Vibrational Ener&,- Level istributioros
-ete rm!ned b y Infrared Chemi luminescence , ” Mol. ThIs., 214. 1123, 1972.
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TABlE Al. C}~~4ICAL REACTIONS C0NS~~ E1RED AND NOMflIAL RATES

fvkf
*1. F + H2 HF(v) + H, H ~H = -31.6 kcal/mole

= 2.63 x 10~~~ exp (-l600/RT ) cc/molecu.le sec

ki3 = 2.95 x l0~~° exp (-33200/ET) cc/molecule sec

(f~’ v = 0,11) = 0, .1639, .55714, .2787, 0, 0, 0, 0, 0, 0, 0, 0

ENote - fractiona.l division between H and H* (hot atoms ) is arbitrary]

fvkf
2. H + F2 — ITh’(v) + F AH = -98 kcal/mole

kf = 2 x 10-10 exp (-21400/RT ) cc/molec u.le sec

= 3.29 x i0
11 exp (-1001400/BT) cc/molecule sec

(
~ ,, v = 0,11) = .012, .027, .033, .039, .1314, .~65, .298, .1314, .058, 0, 0, 0

*
3. H + F2 — HF(v) + F ~~ + -129.6 kca.l/mole

kf = 2 x 10-10 cc/molecule sec

= 3.29 x exp (-129600/RT) cc/molecule sec

~~ 
arb itrary , usually taken as for rctn 1.

14. H* + M H + M ~H = -31.6 kca.1/mole
- 

kf = 2.144 x io_ 12rh/2 cc/molecule see

~~ 0) 

- 1% ‘ 
- - .  ;-_- “ . -  - - - - - - —



TABLE Al. CREMICAL REACTIONS CONS EERED AND NOMfl~AL RATES ( coT ‘D)

5. HF(v>3) + F2 — HF (0) + 2F ~H = 37.7 kcal/mole

itt = 3.5 x 10-17 cc/molecule see

kb ~~°

6. H2 (vzl) = F2 
— IrF(o) + H + F ~H = 5.82 kcal/mole

kf = 8.0 x ~~~~~~ cc/molecule see

kb ~~0

7. F + F + M - ’ F2 ÷ M  AH = -37.7 kca.l/tnole

k~ = 14 .99 x 10 33T~~~~ (cc/molec ule Sec )2

= 8.32 x lO_11 exp (-35100/RT ) cc/molecule sec

8. H + H + M H2 + M ~H = -1014.2 kca.l/mole

= 2.75 x l0 30T~~ (cc/m olecule sec )
2

lcb = 6.96 x l0 6T~~~~~5 exp (-l014200/RT ) cc/molecule sec

9. H + F + M - HF(0) + M ~H = -129.6 kcal/mole

= 6.6 x 1o 30T~~~~ (cc/molecule sec)2

kb = 7.78 x l0 6T~~ exp (-l29600/RT) ce/molecule sec

261
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The F2 dissociation reaction rate (7) is based on the measurements of
Chui (Ref. A14), et al. That for H2 (8) is based on the work of Jacobs, et al.
(Ref. A5). Finally, the ~~~~ dissociation (9) rate coefficient is based on the
work of Blaur , et al. (Ref. A6) with a revised activation energy.

V-T Relaxation

:he relaxation t imes for the 1-0 V-T transition are listed in Table A2.
all cases a Landau-Teller fit has been used. For 1~’-HF deactivation it has

been necessary to fit  the data in four temperature ranges due to the anomalous
t emperature dependence exhibited. The fi t is based upon the composite data
fr om many sources as summarized in Cohen (Refs . 28 and 29).

The H2 ‘T-T rate is based on the upper limit deduced by Pott  (Ref .  A7).
Finally,  the F2, Ar , and He relaxation times are conservative fits to the
composite data summarized in Cohen (Refs . 28 and 29).

The special cases of relaxation by H and F atoms have been treated as
m-oJtiple-quanta transition processes. The relaxation tines, based on
‘2ilkins (Ref. 27) calculations are summarized in Table A3.

V-V Relaxation

The V-V forimilation for ~~‘-HF self relaxation is based primarily -on the
long-range dipole-dipole interaction model of Sharma (Re f .  A3) as adaoted

A14. Shu, V. H., et al., Thirteenth Symposium (International) on Combustion ,
Combustion Institute, Pittsburgh, 1971.

A5. Jacobs, T. A., et al., “Kinetics of Hydrogen Halide s in Shock Wave s ,
11. A -~ew Measurement of the Hydrogen Dissociation Rate , ” j .  The m. Phys .,
147, 514 , 1Y~7.

AG. Blauer , J .,  “The Kinetics of Dissociation of Hydrogen Fluoride behind
Incident Shcck ;~aves. ” J. Ph~ s. Chema ., 72, 79, 1965 .

A7. Bott , 3. F.. “Vibrational Relaxation of ~
-
~~~
‘ (‘i = 1) and IF = 1) by ii~-

and 
~2’ 

J. Them. Phys., 1, 2530, 19714.

~~— o .  Tha rma , B . 2 .  and d . Schlossberg, “ ri the A SUT~~t i C n5 2: -o l- 114-ing the
%ear Resonant Theory of 1nergy Transfer. ” 2iiem. ~~s. L~ tt. . TO , 5. 1973 .
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TABLE A2. V-T RELAXATION Tfl€S

1. HF -H F -k ~~v kv,v-1 10

Anomalous temp dependence treated by breaking
up data into ii. separate regions and fitting each
to a Landau- Tefler form :

p r a exp (bT~~
’
~ ) i/it

Temp Range a (sec-atm) b

T � 1371 0K .876 x 1O~~ 65.~
1351 � T � 751 .223 x 10~~ 29.5
751 � T � 578 .87 x ~~~ -66

578 � T .0256 -914.2

2. HF-M-k =vkv ,v-l 10

= a e~~ (bT
1/3

) 1/it

M a(sec-a.trn) b

H
2 3.5 x lO~~ 0

5.929 x lO~~ 79. 14
Ar 5.929 x ~~~ 79 . 14

He 5.929 x 79. 14

~ 

T’~~~~~~
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TABLE A3. V-T MULTIPlE-QUANTA TRANSITIONS : v -, v-n , n ARBITRARY

For H and F Atoms

_ = aT b exp(-c/~~~) sec~~

( Not e values for a in following table are multiplied by 1o~~2)

- 
H atoms F atoms

v’ a b C a b c

v=1 0 1.219 1.275 1172 9.053 1.766 3099

v=2 0 .57 1.0814 896 o 1 1

1 .0583 1.201 722 8.26 1.708 3077

O .52 1.063 761 1 1

v=3 1 .376 1.078 675 8.145 1.757 3718

2 .14047 1.09 869 13.1 1.724 3614~

O 1.98 1.3211. 806 0 1 1

v=I4. 1 .0885 .91 635 9 1.75 3700

2 .168 .966 667 20 1.7 3600

3 .217 1.001 519 30 1.7 3600

0 1.28 1.2314. 636 0 1 1

1 .53 1.1149 610 9 1.75 3~
CO

v=5 2 .267 1.0143 711 10 1.7 3700

3 .1423 1.058 668 30 1.7 3700

14 .293 1.0147 527 50 1.7 3700

0 1.02 1.189 620 0 1 1

1 .53 .837 568 9 1.75 37CC

2 .5145 1.155 751 10.3 1.658 3810

v=6 3 .227 1.01 67]. 18.9 i.6°~ 3589
14 .885 1.211 596 148.6 1.T14-1 3633

5 1.22 1.222 626 68.6 1.712 36141

—‘ (A
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TABLE A3. V-T MULTIPLE-QUANTA TRANSITIONS: v -~ v-n , n ARBITRARY

H atoms F atoms

a b c a b c

— — — — — 0 1.0 1.0 600 0 1.7 3600

1 .5 1 550 lOC

2 .5 - 
720

v = l l  10 9 8 7 3 .3 670

14 .6 600

5 1.0

L 6

7

___________ 8
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Roci~iood (Ref. A9). Both short and long range terms are included such that
the net rate coefficient ~~~~~ = ~~~~~~ + ~~~~~~~ The short range term is
giver, by

= 
~l-cr~ ~l(:+i)~~ 

S~~ ex-n (~
Ers/2kT) F((WT) )

where

= Molecular Anharmonicity

F = 1/2 (3 - exp (-2/3 LWT ) )  exp (-2/3 3)
21T2 .. 1/2= —

~:;— 
~-~rs

~
0l

~~~
~~T ~~2.2 2 2

z =

d. = gas-kinetic collision diameter = 2.7 x 1O~~ cm

= reduced mass of collision pair

k = Doltzmann ’ s constant

= re~ uced mass of HF oscil lator

= fr ea uency of f~indamental transition

2 = ran~;e parameter for  repulsive interaction .

:t t’rns out mat t h is  term makes only a small c r . tr ibut i-or i.

The long range tern is given by

= ~~~~~~~~~~~~~~~~~ 

s+1 ) L°~ exp ( rs ’2~~~ exp -l~~~i~ 
~2)

r,r-l 1-€ r ~- s +l~~ 10

A9. Roc~wocd , S. I., et al. ,  “Time-Dependent Calculations of Carbon Monoxide
Laser ~Cinetics , ” IEEE J. Quant. Elect., ~~, 120, 1973. 
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where

01
L10~~~~

and -

= BT1’
2

The parameters that can be adjusted in the model are the range parameter

~ used in the short range term , A , and ~~~ The values we have used are

i = 2 x 1 0 9 cm (A3 )

A = 27°K (A14)

= lO_25

These parameters wto~e selected such that the rate of the trans ition

HF(0) + HF(2) — 2 HF (1) (AG )

is pegged to the value reported by Airy and Fried (Ref.  33) .  Thus

= K = 1.82 x 10
_li 

cc/molecule-sec (A7~
at 3CO~~:.

A similar treatment is used for ~~
‘-H~ 7-7 interactions . Here me s::oro

range tern is tar :en as zero ,

L~~ = 5 ~ io~
13 

A-

= 1.6 x 10
20

,

in ~;n1c:. the ‘iCrectior. me transition is end-othernic. The e:~~t~:ermic rates
are f L - .nd f rom detail ::alance. The val-oes used mat ch me rat e f- :r t he  -oxo-
thermic  reaction

HF(o) ‘S” d2
(o )  + HF(i) ~A10

’
~

-~ r- -~ - , , - -
~~~~

- - — - -- — ‘ .  - ,.. -.- --



reported by Bott and Cohen (Ref. Alo) (i.e., 1.33 x 1O~~~ cc/molecule-sec).

H2 V-T Relaxation

The rate coefficients employed are derived from the recommendations cf
Cohen (Ref’s. 28 and 29). They are summarized in Table A14.

Ala. Bott , J. F. and N. Cohen, “Temperature Dependence of V—V and V-R, T
Energy Transfer Measurements in M~~tures Containing HF , ” J. Chem. Phys .,
~~~~, 11.539, 1973.
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4

T.-3~LE ~V- . ~L. DEACTIVATION

Collider k(sec~~)

H 1.22 x 10 5T3’3

H2 1.22 x l0~~T
3
~
3

all other 
- 

3.06 x l0 6T~~~

- 
~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
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APPENDIX B

~TEADY-OTATE CLUFTON

co~sp1ex Sy s - ens SUC h. as 1~’ chain reac~- ion lasers a ~o~en’ially usef ~ l
bu~ o f t en  ne~ 1ected analytic tool is the develoDment of apDroxinaoe closed
fcrm solutions . For exarmie , in t~~~ical chain reaction ccndi~~ions computer
calculations indica~e, in he absence of significan 4- atom loss processes , a
quasi-steady state develops. In this steady-state condition the number of
H and F atoms remain essentially constant . It happens that this situation
is amenable to  a closed form solution.

Consider a situation in which the re1a~ ive rat e of change of H2 arid F2
is slow compared t o the time scale over which steady state is achieved. —

Assum e also that the temperatur e varies slowly arid that only the  forward hc~
and ccl i reac ions are irspcrtar~t (i.e., d + 1-~~ ~ -r anu -r i-i.~ ~~~~
sua ions for the r&-e of chanoe of H and F may ~je w-rit oen :

~HJ = ktH
2J~~PJ 

- k
htP2J

~
tH] (31)

— 

[ = -[i~i] (32 )

:rcw kc:H--: an i kh[F~~ nay be 
- akea as ccnstanm , thus ~11owino the zion-ic

solu~ ion of wc linear di f f e r ent i a l  euua~ ionc w i -h  conthan’- ccefficion-s.
Th-c inLial  conCLicas are :~ 

= 

~~~~~~~~ 
[El = 2 , 7 = k~ :i1~ :r y:

0 , :~: =

The ocluthor. becomes

L~J. — 
Kh + Kc exm (-[K u + Khjt)

TF]0 Kc + Kh

- 
K 0— Kh exp (-[Kc + Kh~ t )  ( :14)

[F1 
- 

K + K
- 0  n

wh-~r--- :< = 
~~~:~~ —: -and kb=rF2

2. (~~ -‘ :-‘:H~
- - :-ocrscz tar ’~~’ , ‘-he s ’

m &~e sclu’- ions are achie’re- ~ : - -

= 
k b F ?  (35 )

~~~ +

=
~~~~~ kJF~ J + 

~~~‘ “ 2~~
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The rate of increase of HF is simply

kc1H2~kh[F21= 2 
Kn[F2] + k0[H~] 

[F] (B7)

The above solution could have equally well been achieved b:~ equa~~n.~ 31
to zero with the constraint [F] = [H] + [F].

Contpariscn of ~hi~ solution with computer calculations demonstra~es
excellent agreement (less than 1 percen~ error) when all back reactions
are set equal to zero, and local values are used for k , kh, [H2] and [F2].
Inclusion of the back cold reaction in comput er calculations can lead to
significant error, depending upon the rates used for the upper levels of HF.
Consequently it has been necessary to include the back cold reaction in the
formulation. This is easily done. The rate equations become

[H] = k[H
2
][F] - (k

h
[F
2
] + z [I~’

1]k )[H] (33)

[F] = -[H] (39)

E~uatin~ (B8) ~o zero with [H] + [F] = [F] leads to

= ____ (Blo)
[F]

[H~ Kc
— = (311)
F]

2 
KCKh (:i)

where

= K + K
h 

+ :[HF~~~~~ 
(3i~)

and K = K + Z[~ F.Th (~ i~-)h h 1 C~

K1 a~’1 K ar~ ~ i~~in~’I ~bo~r’~.

- . A — : ~~~~ •, — -. —— .  --



Cne further refinement is possible. A si~~lif~ed diffusive wall loss
model may be ~reat-ed. Strppose H atoms are lost ~o the walls at the ra~e

- 

~D 
[H~ (~jj)

If the rate of change of F
2 and H is slow we ~~ain may treat the equations

as linear. If we further assume That the loss of atoms is slow relative ~o
the other reactions (i.e., i~~/D = 6 <cl) the equations may be solved simcl~r

~-o ~ive the quasi-s~- eady solution

= 
~~~~~ 

[ 
— 

K~ •K~ 61 e_Kc5~ (316)
[F]0 D 1  D

[H] K
~ 
[ 2Kh

’ 
—K ~

~TJ ;— [l
- -

~~
— 6  e C (317)

[HF] 
[FJ~ Kh KC 

[2 
- 

3K
~
_K
~ 

e~~c
6
~

Comoariso~ of -his model with com~u~er calcu2~a~~.ons lo ~xcellen~.
‘ a~le~ 31 and 32 show comparisons of the model with a corresDondin~ corn-
ruthr calcula~icn for cases with and wi~hou’ the loss of H a~oms ~c the walls
r’~~ ec’irely . Local values are used for 2 and [H2 .

Th’i: w~ o~ e Tha’ ~hi . oi~mle model can .~erve wefl as a means of ~ai~ in:

~~si:h i~~o e,~~erimen’al resul~s and ~ro~ iJ.e ~~iiance for efficien~
c: the more .~~rnis~ ica~ed corrmu’-er model,~.

-~~~ — . . -
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TA3LE Bi. 3TE~DY 3T~.TE 3 .urrI~~: -

~iITH ~~MP~Tll AL~2~J1i~TIC~

Case: rack reac icn include I

x = 12.5 cm

T = 312 [F]0 = 1.53 x io13

[H = 1.~~o io’~2 15[F2] = 5.39 x 10

Calculation Approximation Error
(%)

[H]  6 .23 x io12 6.16 x io12 1.1

[F] 9.09 x ~o12 9. 15 x io’2 0.6

[HF] 2.77 x 1017 2 .7L~ x 1017 1.1 

- . 4, .- .. a - - — — -~~~~~~ — — —- - - - - - -—-——. —



TABLE 32. STEADY STATE SOLUTION - COMPARISON
WITH COMPUTER CALCULATION

Case: Diffusion included

[Ii] 
• 

= —150 [H]
Dli

25 cm

331~°K

[F: = 
~~~~ x io13

[H 2] = 1.178 x 1015

= ~4.9ll x 10~~

Computer A~proxima~iori Error

[H] ~~~~ x l0~~ L.1~83 x 1012 3.~~[F] 8.02 3 x 1012 8.007 x 1012 0 .2~
[H+F] l.2E0 x 1013 l.2-~9 x i0

13 l.5~
[1ff] 2.1~l5 x io~

- sec~~ 2.330 x 101 3.E~

275 / 276
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APPENDD( C

ACCOUNTING FOR TW0-Dfl~~~EIONAL VELQCIT’L VARIATIONS IN Pfl’E °L~JWS

The ose of a quasi-one-dimensional model to analyze reao-ting flows witnir.
a ~ir~ ular pipe can lead to errors in interpretation of the data. Firs t , the
prese:ice o~ boundary layers can strongly influence the pressore and mainstream
v~1;~ ity. A simple minded attempt to employ the true pressure distribution
and mainstream velocity distribution in a one—dimensional -~a1o~ lanor, howe-;’-’r,
will still lead to erroneous conclusions about the rates one is attemptinR t.~
~‘-.-aloate . The flow residing in the slower moving boundary layer tends to
in:reas e the e ffective reaction time for the gas fo und at a particolar axial
io ’atlon . Thus a simple analysis based on the mainstream velocity wo~ll tend
to ~ve r”st irnate the rate coefficient for the reactIon of interest.

It is possible , however, to account for the effectiv’~ te of reaction in
a two- limensional flow with a one dimensional model. Under certain assumptions ,
a multIplying factor for the rate coefficients may be defined, based. upon the
2-D velo-i’ity profile , that is incorporated into the rate equations .

Consider the following situation: (1) The rate equation can be expressed
as linear function of the species of interest. (2) The velocity profile :ar. be
expressed as s = J.~~ (1 - ( r /R)~~) ,  whe re u~ is the center line velocity and.
H the radios of the tube . (3)  Diffusion is treated as for a binary system. I.

The first assumption is applicable to most relaxation rate equations and
is aloe approximately aopli:able to the production of 1ff in the absenc e o f bac k
reactions . Then we have

H2 = [F~~ H— ~ k . + ~HJ [F2 (ol )

where k~ and ~c. are the hot and cold reaction rat~ coefficients . We can re-expr~zs
h2.. and ~F2~ as(H~~0 - [HF J /2 ) and (?2.~o 

- [HF /2 ) .  This yields the rate
equatio n

r - — - - — , c _ F~ ~~ ~~ k~ j ~ , —~~ 
( ,.

~_ 1L-~j = ~~~~~~~ LcC 
- Ld~~_ r~~j0 ~~ 

— 

2

For j -~asi-steady state situations the t e r~ns in braces will be slo~1y vary ing
and may be treated as constants so that

- ~ EHF (o5 )

—~~~ ~~~~~~~~ - ,  - -~~ - . 
- 
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The second assumption reasonably represents the profiles of a pipe flow
in various stages of development from an initially uniform veloci ty .  Arbitra ry
profiles can also be tre ated as will be shown later.

Since our flow is primarily diluent , the third assumption is re rtainly
valid.

We may now write the rate equation for an arbitrary species as

~n ~s D l~~ ~~~s .(l_ r )~~~~= j ~~ ~~~~~(r~~~) + (~ -s) ( - I

whe re

= n H  (c5)

= i~~/u~ (c6 )

u = u t
(1_

~~~
)

= k(K-s) (C8)
rate proc

We impose the initial condition

s = s 0 at:~~= O  (C9)

and the boundary condition

k s = - ~~~~~~ at~~~ = 1  ( cJ.o)w rar

L~ n os now conside r two limiting cases: (1) infinitely fast diffus ion and
(2) infinitely slow diffusion

Infinitely yost Dif fus ion

For this case we define

-, o ( cli )

Then we assume the rate ‘-~‘duat Ion has a solution of the form

= 

~ 
+ o ( € 2 ) (c12 )

Sub s~~itut ior . of this Int~ Equation (c 1~) yields the solution

= ~~(2) 
~ € )  + L -!

~~~~~ 

- K 
~~ 

- ~~~~~~ . 2’~ ’ + o( €-~~ (ol~)

- .‘~ -~~~~ c~~ - 
. ,~~~~

y— -
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Application of the boundary condition with k.~, = 0 gives

- n+2
cp (x )  = K + C e (ciL~)

We may now apply the initial condition to find that as c -÷ 0

n-s-2 k
s = K + (s0-K) exp (- x) (c15)

This solution is of the same form as the solutIon for a one-dimensional flow
at velocity u~ . The only difference is that the expone ntial argument contains
the additional factor ( n+2 ) /2 . Thus we consider the solution of our problem
to be the solution of the one-dimens ional problem referenced to the centerline
velocity, but with an effective rate coefficient defined by

keff = - k  = ~~(n)k (C16)

where ~~( n) is defined as the effective rate multiplier for infinite diffusion.
In the limit of fully developed flow (n = 2) this reduces to

keff = 2k (c17 )

a solution previously obtained numerically (Ref .  Cl).

Strictly speaking this solution applies to a case in which the velocity
profile is invariant with axial distance. However, we may apply the solution
to a developing flow in which the fit parameter n varies by using the value
for 3~(n) appropriate to the local velocity profile. In the instantaneous
diffusion limit, this approach is rigorously valid since the initial condition
for every differential interval is a uniform concentration profile .

InfInitely Slow Diffusion

We now turn our attention to the case of no diffusion (i.e., D —+ o) .  In
this limit we must sol—re the simplified equation

(l~~~~
n ) es K (ciS)

Sin2e the re is no communication among streamlines we find an independent solut ion
along ‘~ach:

- x
i-F’

s(r) = K + (s0-K) e (C19)

21. Poirier , H. V. and H. W. Carr : “The Use of Ttibular Flow F.~ ac tors  fo r
Kinetic Studies ove r Extended Pr~ ns~ r’~ Ran~.-r s , ’ .T. ?hvs. ~h —rn . 7~~, 1-~~3.
1771.
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An effective rate coeffic ient may be defined by integrating s(?) and equating
it to the one-dimensional form of the solution. Thus we have

‘~eff  
- ~~ 2 r exp (

~~~~~~~~~~~ ) dr~ (c2o)
0

and

= k
eff /k ( C21)

A plot of the variation of b0 with n for various values of ~ is shown in
Figure Cl. We see that as the extent of reaction increases the rate multiplier
for any given velocity profile decreases towards unity. This is a consequence
of the lack of communication between streamlines. As we move further and further
downstream the reaction on the outer streamlines approache s completion and the
effective rate of reaction becomes more a reflection of the chemistry near the
center of the f low.

As for the infinite diffusion case, the solution above applies for a
particular velocity profile, invariant with axial distance. It is possible to
apply it to developing flows by using locally appropriate values for
This approach will not be rigorously correct in this case since the initial
condition for any interval will not be a uniform concentration profil~. Since our
interest, however, is in brac keting the true solut iox ~ such an approach will
su ffice. The tendency will be to underestimate B0 and thus overestimate the
true rate coeffic ient k in an analysis of experimental data. The instantaneous
diffu s ion solution , on the other hand , would underestimate k. Henc e the two
solutions should effectively bracket the results.

Test of Model

To test this approach to simulating reacting pipe flows with a one-
d.ixnensional model , a comparison was made with a two-dimens ional computer code ,
MARBL, for a relatively simple case involving the chain reaction without any
vibrational level detail. Two cases were considered (Table ci). Each had
the same concentration of reactants, but in one case had an additional 15 torr
of argon to bring the initial pressure up to 20 torr. The calculated. v~loc ity
profiles from the 2-D MARBL pro~ r~n were used to develop B vs x curves for uo~
in the l-D C1~~4IZ code .

The results of the calculations are shown in Fi~~res C2 through CL~.
Th~ first two show the HF variation for the 5 and 0 torr cas~s. The area
between the infinite and zero diffusion solutions is shaded. Also shown are
the solitions for two more simple minded one-dimensional approaches-a constant
area solution and specification of the centerline velocity distribution. We
se~ that the eff -ctive rate coeffic ient approach provides the best a;r~~ment



TABLE Cl. INPUT CONDITIONS - EFFECTIVE RATE TEST CASES

T=300°K
1~4nIx 0
u = 10000 cm/sec

Case x~~ XF
2 XF Xj~ .

p=5 0.0025 0.009 0.000025 0.98825

p=2O 0.000625 0.00225 0.00000625 0.997063

I
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20 TORR CASE
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20 TOAP CASE

T EMPERATURE VS X

1-0 . CONSTANT AREA

32 0 -  /
I

’

/ I
,

/ /

/ 
/

2—0 CENTERLINE /

/1 l_ D . keff

310 — A,

/

9 1—0 , SPECIFIED

300 

~ 

VEL OCITY . u
Q

DISTANCE FROM NOZZLE EXIT . X (cm )

FIGURE C4 ONE DIMENSIONA L SIMULATION OF REACTING PIPE FLOW

2 ~ 5



S

in both cases. This is also true for the orcdicted temperatu.r — as is shown in
the third figure.

Application to Experiment

In the actual experimental situation the velocity profiles are not the
smooth shapes predicted by the 2-D MARBL pro~ -am (Figs . ~ - ). These
profiles cannot be easily approximated by a profile of the form u = u~ (1 -

A series summation of the form

u = u ~~ E a ~~( l _ ~~~ ) (c22)

can reasonably fit all the measured profiles, however. The solution developed
can be easily extended to such a case, giving the result

1
B =

~~
n+2

from which an effective fit parameter 
~~~~~~ 

can be defined as

2
n = — (:2L~)eff

This value may then be used to determine the appropriate value for

Based upon the e~cperimenta1ly measured velocity profiles, the e f fec t ive
rate mult ipliers have been calculated. The variation of ~~ with x is shown
in Fi~ure C5. The values for B0 were not s ignificantly lower and it was
fo und that little predicted difference was found between the two possible
solutions . Thus , f or the majority of calculations the infinite d i f fus ion
solution was used with the understanding that derived rate coefficients ni~bt
be up to 5~ low.
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APPEND iX D

ESTfl~IATES OF WALL ADSOF~PTICN E~ F’E2TS

Th~- experimental data available from the flow-tube and pulse’1-f ~ uorescence
experiments has indicated that wall interactions may not be ne~ li.~ibl~. L~o
particular the potential loss of atoms (H or F) or HF on the walls can influence
the interpretation of the data. It is thus instructive to try to estimate the
maximum possible loss by such processes .

Suppose that any molecule of the species of ir.ter=st that strikes the
walls of the test cell is adsorbed (or in effect destroyed). Sup~ ose a~~o that
our cylindrically shaped test cells are very long relative to their  d iamet er ,
and thus can be idealized as an infinite cylinder. Then the rate of -chan~e of
tile subject species will be described by the equation

~n(r,t) - D (
1 ~n(r,t) ~

2n(rJ t)) = •( ) (:i)
r ~r

with  the boundary condition

n(R , t )  = C (:: )
whe re

n th~ number density of the subj~’c~ op~-cie5

~ ch ’-n 
= the rate of production by ~h - m i  ~al reac +

D = the di f f ~ s ion  coeffjci’nt of t~~- s ~bj. :r-~ci-~sto  th~ ent ir ~- ~-as

Solution of this equat i on wi l l , in princ~ ple , ‘;e th . - nI:irr cc c 1,:::~tion
that could s o o n  fo r  th~ condit ions sp- : :Lf i~’i .  ~~ t or ~ora:ii -~r two
simplified cases: (i) the spPcie 3 oonc~ ntrat ion ir t nit ia l l y  ‘or .st ant , w i t h
a zero chem±cal production rate; ( . )  the sp e ci ~:s ~or~c~-n t r a t i on  is initially
zero and the chemical production rate is a o’on ,5 t an t .

The first oas~ approximates the disarp--aran~e of the H or F a~ oms which
would othex~qise maintain essentially constant cor.c ntrations ove r- a iac~~e
fraction of the reaction time. The s-cor.d case , if we reotrict .att~-ntion t o
the chara’cteristio reaction time can approximate the looc of  th e HF be ine
produced t~ th~’ wa~i3.

P ot cnt ~~al ~~ s.: At~ m~ to the Walls

~4e r.~w ‘~bta1n the sol~t i~n LThr the first car— . ~
‘
~li that is reijired is

the rolution of the homogeneous pax~ of equat i-~n ( D l ) .  Thir standard ool ’ .c ior .



may b.- :Thund in any textbook on differential e~roations (Ref. ~l) and is
ci-,’ -n by

~ (r.t) = ~~~~ L(r) J0(x~r/F.) ‘

~~~~ ~~~~~~~~~~~~~ e 
(D3)

n=l L’fl(Xn)J

where N3( r )  is the initial distribution of the species considered, J 5 is the
:eroeth order Bessel function , J1 is the first order Bessel function , and
is the n-th zero of J0.

If we let N0(r) = r~ = oonst, we may integrate equation (D3) to obtain

- ~~
2Dt

n(r,t) = 2n0 ~ 
Jo(xnr/R) e (DLi )

1

This ~~ u at i or ~ c ar, be nondimensionalized by let t ing

2
- 
x1 D

— ,

0~

= 2 
~ 

C J 0(Xnfl e 1 (:5~’
1

C = _ _ _ _n xnJl(xn)

‘~ith this  nondirnensional form ut ’ the e c ua t i o n  it is po rc ih l -c  to
universal curves of the species distribution as a function of time . Then, wit-h

~nowl.~dge of the cylinder radius and gas diffusivity D, the time history of a
specific case can be evaluated. The concentration prouil~s may also be ave ra~re.i
ove r tne cylinder for various times to provide a plot of the average :cr~cen-
tration in the cell as a function of time. This has indeed been done ; the

.:~~lzs arr - shown in Figure Dl. Given are the centerline variation , the
,arjati-on of the average along a diameter (called the linear average ) and
th- ave 1-age over  a circular cross section (the cylindrical ave r ace) .  Th-c
linear ave !-awe i~ essentially what one might -observe using some r adia tiv~ probe

:hnicue , wh~- :eas the cylindrical average represents the true av~rage cor.cen-
t : -a t i~ r. :~~~:‘ tlil; U’ ’id i : - l  -car -~ .

:1. :.:artin, i. T. and H . i~.eissner , Elementary ~ ifferential  Eruat ion,  ~ o d locu —
Wesley, Reading, ~A , l’~l.
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Cor.sider now the cases of interest to us. For the pulsed-fluorescence
experiment , the H atoms are immersed in a bath of Ar at 100 torr. For this
tr,e diffussivity is roughly D~~ 8 cm c/sec . The radius is 0.6 cm; hence , we
have

€ = 1 22 t  (D6)

The time scale of the experiments is from 10 to 14Q milliseconds. Thus the
normalized times range from l.d to 5.0. We see that over such a time scale a
considerable fraction of the H atoms can be lost.

For the flow tube experiment the argon pressure is only 20 torr, yielding
a diffussivity D ~C cm

2/seo. Since the test cell radius is 2.5 cm we have

€ = 3 7 t (D7)

Now the time scale of a fluid element in the flow tube experiments over the
range of measurements~~s L

~.to6mi1liseconds , giving normalized times from
0.15 to 0.22. Even for these relatively short times 30% or more of the atoms
can potentially be icot. Hence , atomic loss to the walls may be important
for both experiments .

Potential ~~ss of :~~ to the Walls

We now consider the case in which there is a constant production rate ~(
over some time interval t. The equation to solve is then

~n(r,t) - ~~~~~~~~~~~ + ~
2
n(r,t)\ 

K 
(D8~

\r ~r or2 1
The solution to the homoceneous part of this is given by equation (D~~). In
addition we obtain the particular solution for a stead y state condi t ion (~~n/~ : =

0):

np(r) = C0 + C1 J~r + 0212 (D9 ’
~

Since n is fin i te  at r = 0, we set C~ = 0. The boundary condition ( n  0 on
r = H) and the d i ft ”- r ’-ntial equatior yie ld the complete so lut ion

(DlC

- .  ~~~~~~~~~. - .~~~~~~~~, ç r  -.7.. •, 
-
~~~~~~



We may superpose the two solutions and satisfy the initial condition

n(r,o) n0(r) (DII)

by le t t ing

N = n~(r) - ~~ (R~-r~) (P12)

in the homogeneous part. Thus we have

n(r,t) - ~ ~(R2~r2) - 2 ~s R E~~ no(r) + r(r2~R
2
)1 J0(~~~)dr (P 13)

4D

X J0 (
~~ ) e

In orinciple we could apply this in succe s s ive  se~~n ents . each havin~ a
different avera€e chemical production rate K , with the fir~al profile of  one

se~~ent used as the initial 
condition for the next. For our purDoses , however,

it wIll only be necessary to consider the simple case for which no = 0, using

an avera€e chemical rate over the duration of the reaction.

For the case N3 = 0 equation (D13 ) can be easily integrated to give

2- xn Pt

n(r,t) = ~ ~ ( R °-r~~) - 8R° ~ J0(x~r/R) H2
4D ( 1 x~ J1(xr,) c

We may define a universal curve applicable to any combination of -Iiffusivity
P and reaction rate K by letting

= r 1 R (D15)

€ = (x1/R)
2Dt (~i4’~

= ri/-s- (D17)

t .~ g i ’fe  . --(~ r~= 
~
- :i - J(x .~~) e 

-~l (~l~)

where

0 ,. = 

~~~~~~~~~~~~~~~ 

~ (~~l~ ) 

~~~~~~~~~~~~~~~~~~~~~~~~ 
.
~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Equation (D18) can then be used to generate cur-res of ~ against ~ for variousvalues of € , and. these in turn can be integrated to define average number
densities as a function of € . This has been done ; the results are presented
in Figure D2. ~~o averares are presented: the linear a’rera~e

1
(Ii) = r~ ci~ (D20)

0

and the cylindrical average

(Ii) = 2
l 
~ ~ do~ (D2l~

0

The “average” number density seen by a probe laser passing along a diameter of
the cell with a finite beam width will lie between these two values .

It is expected that for the flow tube experiments 1~’ adsorption on the
walls will have little influence on the results. These experiments are per-
formed ove r long time periods such that the walls would be saturated with  HF.
The pulsed fluorescence experiments , on the other hand , are -of short durat ion ,
with emptying and refilling of the test cell between each run.

For the poised-fluorescence experiments the diffis ivity of the HF through
the arcon is D~~ 2 cm

2/sec and the radius of the test cell iS 0.6 cm . Thus
we have

€ = 31~t (::: )

Consider now test series A. The maximum possible HF is 6.Oi. x iC~~ c m -’: th.=
reaction occurs over approximately 20 milliseconds at € = 0.~~- . By refe rrinc
to the f1~ure we see that the average number density is between ~ ~ccd 65~ of
the ma~d.m~~i possible. This gives a ru.~

’ber density ranre of 3.3xi~~~to 3.~ xl0~~
ccr B , well below the observeu maxima. Similar we can consicer the other to .: t
o- ries. The results are summarized in Table Dl. As car, be seen , o h -
ob served number densities generally lie in a range for which HF could hav~ b -en
lost to the walls . A more realistic treatment , allowing :‘or :‘aste:’ initIal
chemical rates and s lowe r rates at later times would have given even lower
predicted numbe r dens i ti-s .  Hence even with diffusion coefficients as low
as 2.0 cm~/sec the potential for s ignif icant  wall loss e x i s t s .
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TABlE Dl. POSSThLE HF WALL IQSS EFFECTS I~ PUIBED-FIUORESCENCE TSSTS

Series Maximum Reaction Average Number Density Observed*

No. Density Time CylindricaJ Linear No. Densities
(cm 3xlQ~~~) (ms ) (cm~~xl0~~~ (cm 3xio~~

6) (c m 3xlO~~
6)

20 3.3 .~.9 5.~ -c.l

B 6.6 20 3.6 L~.3 5 .9-6 .5

C 3.5 10 2.!i. 2.8 2.7-3 .3

P 2.8 20-J40 1.6-0.9 1.8-1.2 1.5-2.0

3.2 10 2.1 2.6 2.5 -3.2

F 1.5 20-30 0.8-0.7 1.0-0.9 .80-1.’-

*
Pulse enercies greater than 0.1 J
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I

‘-cc -

P~ Atomic fluorine partial pressure

P
0 

Molecular oxygen partial pressure
2

k Boltzmann ’s cons tant

T Temperature of gas

h Planck’s constant

‘~ ESH transition frequency

~ Bohr magne ton

H Magnetic fIeld strength

f Spectrometer factor

x ” Molecular susceptibility

Q Theoretical ESR intensity factor

AF Area bounded by F SF signal

A0 Area bounded by 0~ F35 si3—nal2

W Width of ESH si~ ial

L Height of ESH signal

S ESH signal amplIf~ :a-~~on fao or

V Field modulation -olta;e
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